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Preface 
This dissertation describes original work which has not 4-ý 
been submitted for a degree at any other iiiiiversity. 
The investigations were carried out in the Department-of 
Metallurgy of the University of Newcastle upon Tyne during- the CA 
period October, 1068 to September, 1971 under the supervision of 
Professor K. H. Jack and Dr. P. Grieveson. 
The major part of the thesis describes a study of the 
nitriding of iron-chroi-Aim alloys and is parit, of a wider investigation U 1-1 
being carried out at Newcastle on the effect of substitutional 
alloying elements on the behaviour of interstitial solutes in iron. LIP 
A subsidiary topic describing work on the crystallography of some 
interstitial alloys is discussed in an appendix. 
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Abstract 
Precipitation reactions in iron-chromium alloys containing 
nitrogen are studied by X-ray methods and hy optical and electron 
microscopy. 
By experimental control of reaction conditions, seven 
different phases are identified in iron alloys containing up to 
40wt. 1% chromiwa nitrided at 450 - 10500C. The precipitation of 
chromium nitri(les is shown to be consistent with the thermodynamic 
properties of these plianes. 
Quench-ag, ing observations on. nitrogen-ferrites shcw that U, L-j 
precipitation of iron nitrides belaw AOOOC is markedly affected 
by the presence of chromium in solution. The results are explicable 
when the effect of chromixua in decreasing, the activity coefficient 
of dissolved nitrogen is taken into account. These observations 
are compared with recent work on precipitation of iron nitrides 
in iron-molybdowim-nitrogen and iron-milicon-nitrogen 'alloys. 
Previous observationq at iiewcastle, - of homogeneous 
precipitation in tile iron-nitrogen system rnd in ternary iron-alloy 
element-nitrogen all*oy's containing molybdeniva, niobium, titanium 
or silicon are extended to the technologically important Fe-Cr-N 
system. The precipitation reactions, which go through the stalres 
well-recognised in face-centred cubic alloys i. e. Vý 
Guinier-Preston > metastable intermediate > equilibritua 
zones precipitate precipitate, 
are. discussed and compared vrith the observations in the present 
investigation. In addition, the effects of chromium content 
and nitrogen potential on the kinetics of nitriding are reported. 
The crystal structure and X-ray line broadening of the tý 
manganese carbide, ". In, ) C are 
discussed in an appendix. 
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Introdnetinn 
Until recently, little sYstematic worlý has been carried 
out on the chiracterization of ji-I'Aride phases precipitated from 
iron containing nitrogen an(I a sit')stitutional alloying element. 
Small amoivits of manganese and nitrogen ad-ted to iron 
('31aird 
Jamieson, 1()G3; Porre3t & ANOpki! I, 1963; 3aird A Mackenzie,, 
1964; 
Hopicin, 1965; ilaird L",: Jw,. iieson, 196(; 
) were shown about ten years 
ago to give improvements in tensile strength and creep resistancej, 
and subsequent research at Nei-., ci-. s-AJe 
(see Iýijj'cin, 1967) showed 
that these are due, at least in part, to the precipitation of 
man"anese nitrides. 
Alfore recently ii, thil'; lanaratory, exceptionally 
hard 
materials containing mixed si-ibs-itutioiial-ijiterstitial sollit--atom L, - 
clusters have been observed by nitridling, iron-iaolyhdenum 
(see 
Spiers, 1969) and iron-Mobilim al-toys 
(see Roberts, 1970) at 
450 - 600 
0 C. 
Because chromium is a m-ijor constituent of steel used for 
case hardeningr by nitrifling,, a simjlý-Ir systematic investigatioýl 
of the iron-dhromiwu-nitro, -en systerm -w-. as considered desirable. 
I arlination Further, it seemed wort1while 
to citrry ou'W a detailed ex 
of the precipitation processes wider conditions similar to those 
used industrially. 
As the subsidiary binary 6. ysteri3 are well established, 
onty a limited aaount of Avork has 1) een carried ont to confirm the 
main features of the chronlilu'-1-nitrogril system. The previous 
investigations provide reliable data on ighich to base a study of 
the ternary system. 
II jNperii-. 1ental neViots inrlltýltp (Tiffraction and electron 
microscopy as well as the Usual 1)1--', ', iCo-r -ictallurgical and physico- 
-chemical techniques. Daring the course of the work the application 
of thermodylliamic principles was fonrid to be essential for the 
interpretation of the precipitation results and in the use of 
, gas-vietal equilibration. I 
-2- 
Chapter I 
Previous Work 
I I. 1 The iron-nitrogen phase diagra 
In the iron-nitrogen phase diagram shown in Figure 1.1 (Jack, 
1951a) there are five stable phases 
(c< 
- nitrogen ferrite, Y- nitrogen 
anstenite, Y"- Pe 4 
Np E -IfFe 3 
N" and 
5- Fe 
2 
N) and two metastable phases 
nitrogen m artensite and oý'- Fe 16 
N"). The 801ILbilities of 
Fe 
4N and al'- 
re 
16 
N2 in body-centred cubic ferrite are of particular 
interest for the present work and are shown in Figure 1.2 with the 
nitrogen solubility at one atmosphere pressure of molecular nitrogwn 
included for comparison. race-centred cubic nitrogen-austenite is 
isostructural with carbon-anstenite but has a wider range of 
homogeneity and exist down to 590 
0 C. At this eutectoid temperature 
the nitrogen concentration of 
X is 2.35wt. % and that ofoe is O. lwt. %. 
I 
- Fe N has a face-centred cuI)ic metal-atom arrangement like 
austenite but the nitrogen atoms -ire fully ordered and occupy one 
fourth of the number of octahedral interstices (see Figure I. Q. 
The E -phase extends from about-5 to 11.1 wt. %N, i. e. 
approximately from Fe N to Fe N, and has a close-packed hexa, 42 Aonal 
iron-atom lattice. The orthorhombic Fe 2N 
is a slightly distorted 
modification of C resulting from a change in the nitrogep-atom_, __ 
orderiag. The occupation of interstices in C is ordered over its 
whole homotreneity range and the E -> ýS transition occurs by a change 
from one ordered nitrogen-atom arrangement to a different but equally 
ordered arrangement which causes an anisotropic expansion of the 
iron-atom lattice. Relationships between'the-liexagonal unit 
cell dimension aC and cE and the orthorhombic '5 dimensions a,, 
b9 and cý are: 
; CG ýý CE OS -A clc ; 
ÜS 2> 2 ne ýo 
Fig. il 
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Bofly centred tetraxonal ni trogen-nar tens it e . 
1) is 
13. 
( fte 
isostractural with carbon-martensite and is obtained by quenching 
nitrogren-anstenite. e-z" PC 16 N., occurs as an intermediate precipitate 
during the teripering of nitrofren-riartensite or the a-inm of 
snpersaturated nitrogen-ferrite. The compositioa ranges and unit 
cL-11 dimensions of all iron-nitrogen phases are sumnariseft in 
Tahle 1.1. 
1.. 2 The f7tipnchr_ýt_, ring of ititro,, reii-ferrite 
Contrary to viliat, night be expected fron the phase diagram, 
the aging of supersaturated nitrogen-ferrite at low temperatures is 1ý 1ý 
.N not a single stage process. Dijkstra (1919) amed an iron - 0.05 wt. 
'%" 
0 raphic alloy at 250 C and established by internal friction and metallo., 
Jaetliods that initially a precipitate designated as '1114-phase I" gyrew 
as platelets in three perpendicular directions. After forty rainutes 
a new phase ('%-phase II") was precipitated and this increased at 
the expense of the first phase until after three hours none of the 
latter remained. This second phase was assu,, ed by Dijkstra to be 
, 
I(- FC4N. INirther internal friction studies by Wert (1949) showed 
that the rate-controllinger step in the precipitation of "X-phase I" 
Was the diffurivity of nitrogen in ferrite. 
Usiaj 
-X-r, %v 
techniques, Jack CL Yaxivell (1952) showed that 
the initial precipitate was ael Fe NT,,; a phase characterized by 
Jack (1951b) during, the te-, -upering of nitrogen-nartensite at low 
temperatures. Jack & Maxwell suggested that -e"uas precipitated 
as thin platetets on 
f1001, planes with [002., - norrial to the plane 
of the platelet. f1iis -%as based on the observation that no more 
than three arientations of -e'ivere observed in any one grain in 
Optical micro, -raphs and on the relaxation of the Laue conditions 
for diffraction from c)(ý- Fe 16 
N2 lattices planes where I is large 
, red with 
h and 1c; this su,, gests that the plates of precipitate c oi: v)a 
'are thin in the c-directioas 
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Me ae Fe N crystal structure is shown in Figure 1.4 and T 16 r) 
consists of eight hody-centred cubic ferrite cells distorted by tile 
presence of nitrogren. The nitrogen atoms occupy two of the sixteen 
interstices whose tetrad. &xts are all parallel -with one of the clibe 
directions, i. e. the c-ed, -, e. The resnItingr cell is tetragonal and 
can be considered aa an aiiisotropic distortion of the ferrite structure 
in the c-direction and a slight contraction with an expansion (-Ili,, ) 
("-1 in the two, a-directions. ',, 'his phase could then be expected 
to precipitate as thin p. tatelets oa ý100), planes with 
[0013 ý normal Oe 
to the plane of cach precipitate. 
It scems possible for 
ae- Ve 16 IN 2 since the latter eý 
I face-centred cubic cells -, -; itAi 
occupied in alternate cel. 1s. 
evi4, 'e, -, Ice that ý' is wicleatell 
9'- re 4J to 
be 
in be consi(14. ere, 
the or-t. -Jiedral 
'lowev(-r, there 
f rom 0(". 
nucleated directly from 
d as an array of distorted 
interstices at 
is no metallographic 
The orientation r,,, ýlationship proposed by Jack & Maniell was 
confirned by ýIoo%er, Nortiviry ,c '-'ii+, -. I, on 
(1957), T'Ieh Sk. V. 'reidt (1962), 
11-110 11 c Le. ml (11133) and Isoberts (1970). Hriviial: k1901) states that 
up to 300oC C- Fe N is the first pliase to precipitate oil aming 3 
Bill persaturateil nitrog. ea-ferrite 13ul this has not been snbstantiated 
by later inves ti g-old oils. 
I The orientation relationsidTp between Y-Fe 4N and cs< - 
iron 
"a-9 show" by Kohl, 13arrett & Jeralbek (1934) and by Booker, Norbury 
Sutton (1957) to be: 
( 112 )j, -// ( '2 1o [()013, 
Growth of plates, is such that (112) i is parallel to the 
Plate surface. 
1.3 The chrortippi-nitro!! on -syston 
This sys-tera has, been stntlied extensively over the past 
150 years (see Ifansen, 195S) and with few exceptions these investicaticins 
Fig. 1.4 
I 
I 
I 
I 
I 
I 
I 
C= 
6-29 
0 A 
0 
---(- --- -- a =5 - --I'- 
0 IRON ATOM NITROGEN ATOM 
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IMve indicated Vic existence of only two nitrides of chronium, Cr,, N 
and CrN. A, Icoc! c (192611 proposed the phase diagram shown in Figure 1.5. 
Subsequent I. -ray work by 33lix 
(1029) shovied that Cr 2N has close-packed 
hexagonal metal-a-tom arr-angenient with unit cell dimensions: 
a'. 2.747 c'. 4.439 ; c/a = 1.6161 
(at N-poor boiindary) 
a'= 11.770 c'. 4.474 ; c/a = 1.6151 (at NI-rich boundary). 
Later investiration by j4'riksson (1934) showed a superlattice due to 
the ordering of the nitrogen atoris nad a range of composition for 
Cr,, N frora 9.3 to Ifith unit cell dimensions: 
1ý 
a- 4-. 750 c=4.429 c/a - 0.933joL at 9.3wt., ', N 
a. /,. 793 c=4.470 cl/a = 0.932.1 at 
This larrrer unit cell with Lh.: superlattice haR three times C 
t! le V()Ilrqe of tile psnailo-cell proposed by Blix with 
r3a a and c 
4= c 
where a'and c"are the Ii-, nensions off the superlattice cell. 
These observations have beell coilfintied by Ifune-In'othery 
Pearson 
CrN is face-centred cubic with a-4.148 Ollix#1929) or 
1054). 
1.4 The iron-clirorzill'n ., 3vsteid 
The e(-ujjjbriu,, i diagrwi for the industrially inportant, 
iron-chromim, system is shown in Fiý, ure 1-6 (after Hansen, 1958) 
and is based mainly on Vicirmal awalysis by Adcock (1931) and X-ray 
rind metallo-raphic investigation by Cook tz Jones (1943). 
1.5 Vrpci-. ýjtation in iron-chronium-nitrogen alloys 
a great cleal of research has been carried out on I 
the solubility of nitro,, -(, rl in iron-c! roniuri alloys 1 .1 
(mcock, 1026 
, rivobok, 1, )-#5; Franks, 19.15; Colbeck -L-. Garner, 1039; 
Corney sk Tiir! cdoý--irl, IC55) there are few investigations of the ternary 
Fig. j. 5. 
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100 
system and little work has been carried out on precipitation of 
nitrides from these alloys. 
Turkdagan Sc lj-11, LtO'ViCZ (1061) studied nitro,, en-austenitised 
ir-oll-chroraium stacls coutaininc, 115 - 30 wt.,: ', Cr and found that Cr N k, 2 
Was precipitated in the ferrite uýter quenc-laing from I-2000c; this 
Ilas been confirmed (Lan:, ýcborjg, I'llt-17). 
CrN is precipitated only I)y quPtich-rtging, low chromium alloys 
(see Irmi et. al., 1967); it is the principal nitride famed during 
tile case-hardeninr of st, ýcls by rd'. )-iding becatise chromimi is the 
rlajor alloying elpment in such stf! els. The very recent kinetic 
Ivor! c of Kindleman & Ansell (1970) on the nitriding of austenitic 
iroll-cliromiii, ýa-iiiobiiiri-l, it-,, iniuia altovs in iv-, mnip. shows that the .1 
chromium nitridle which iq forme(I is CrN. 
-7- 
Chapter II 
Eacrimental Methods 
II. 1 The preparation of alloy samples 
High-purity iron and iron-chromium alloys containing 7.35, 
9.99 14.09 929.8 and 39. Owt. % chromium were supplied by the British 
Iron and Steel Rasearch Azsociation. Other pure alloys from the 
National Physical Laboratory with 1.20,2.320 4.12 and 5.58wt. % 
chroraiiza have also been used. Analyses of all alloys are given 
in Tablo II. l. 
Pure chromium powder was prepared by crushing chromium flake 
supplied by Koch Light Ltd.; its anallsis is also included in 
Table II. l. 
Samples of the alloys were prepared for investigation by 
seetioning, the as-received hot-rolled bar and then cold rolling to 
the required thickness. After cleaning, wire of approximately 
square section or sheet specimens were cut from this rolled strip. 
Specimens were then abrasively cleaned and degreased before 
nitridincr. 
11.2 Nitriding with ammonia-hydrogen gas mixtures 
The nitriding potential of an arn-ionia-h drogen gas mixture 4-P 
y 
is determined by the ratio of the concentrations of ammonia and 
hydrogen; Lehrer (1930), Brunhauer, Jefferson, Drrmett & Hendricks 
(1931) and Paranjes Cohen, Bever & Floe (1950). The nitriding CP 
reaction is 
Nfl 111 
.0 ** 
(1) 3 (g) 2 (g) 
'With the equilibrium constant 
a,, . 
P14; 
t 
where a,, is the activity of nitrogen in the nitride phase and 
M3 and 
hi 
2 are the partial pressures of ammonia and hydrogen 
Table I1.1 
Analysis of metals and alloys (wt. %) 
Alloy c Cr si Mn sp Ni 0N 
38AP3* 0.00-08 1.20 0.003 0.005 0.0048 0.0001 O. OOG 0.002 0.0008 
38AP2x 0.0038 2.32 0.003 - 0.0045 --0.0024 0.0014 
37AP3m 010042 4.12 0.003 - 0.0039 --0.001 0.0032 
37AF2* 0.003 5.58 0.014 - 0.0042 . 
0.001 0.005 0.0015 0.00-02 
Bisra Fe 0.004 0.01 0.005 0.01 0.0018 0.0007 0.01 0.002 0.003 
R1007 x 0.01 7.35 ------- 
X1008 x 0.01 9.9 ---- 
IC1010 x 0.01 14.0 ---- 
R1183 x 0.006 "00.8 ---- 
R1184 x 0.005 39.6 --- 
Cr 09.99 
31 N. P. L. Reference numbers. 
X B. I. S. R. A. Cast numbers. 
-- - ---- 
-8- 
respectively. The activity of nitrogen is therefore proportional 
to 
In the iron-nitrogen system at 6200C the successive phases 
formed with increasing nitrogen content are c<- solid solution, 
ý'- solid solution and rI- Fe 4 N. Lhen an 
iron specimen is exposed 
to an ammonia-hydrogen mixture of sufficient nitrogen potential to 
form Fe 
4N then 
the activity of the combined nitrogen %ill vary in 
the following way. It will increase from zero in the c< pure metal 
to a value of aý-""in the saturated nitrogen ferrite 
(i. e. at the 
limit of the terminal solid solution). The cz- phase is then in 
equilibrium with the Y- phase of composition r; "such that the 
W VA4kX 
nitrogen activity afmh is equal to N- . As the total nitrogen 
content increases, the ae- phase will disappear. L'hen noo< remains, 
the activity of nitrogen in k increases and the composition of 
Y 
changes, Enentually, the solubility limit in 
ý is reached and at cx 
this point aN 
Y""is 
equal to The ý? - phase then forms at the 
expense of the Y- phase and finally the activity of nitrogen in the 
ý'inereases to the value in equilibrium with the nitriding gas. 
In any single nitride phase the nitrogen activity will vary 
regularly with composition and therefore, since a bF is proportional to 
/I le. (p -, a gas mixture of given composition is in equilibrium with 14 
a nitride of fixed nitrogen content. Theoretically, it is possible 
to prepare a nitride or iron-nitrogen solid solution of any composition 
by precise control of the ammonia-hydrogen gas ratio. In practice 
there are tjyO cornplicating reactions: 
(a) the "cracking" of anunoniat 
---%. 
.1.. 
o. 
(3) ml 3(g) Mz- -lN2 (g) +R 
112 (g) 
where the equilibrium mixture contains only a few per cent of ammonia 
at normal nitriding temperatures and 
(b) the Viermal decomposition of the nitride 
11 ýc- 
ý"2 ( F., ) o. s. 
I 
-9- 
which for iron nitrides is virtually non-reversible at'one atmosphere 
pressure. 
If the catalytic effect of the metal sample and the reaction 
tube upon the cracking of ammonia is constant, then the degree to 
Wh ich the gas approaches its equilibrium hII3*. H 2 :N2 mixture 
is 
deterrained by the gas flow. The flow rate must therefore be controlled 
as vrell as the gas composition if the required nitrogen potential is 
to be maintained and if the nitriding rate is to exceed the rate of 
decomposition of the required nitride. Clearly, the nitriding action 
of ammonia on metals can be very complex since it depends upon the 
balance of three reactions which are affected by temperature, by the 
gas composition, by the catalytic effect of the surfaces to which th6 
gas is e.: posed, by gas flow rates, by the decomposition pressures of 
the solid phases and by previous treatment and impurities in the metal 
itself. As a guide to the nitrogen potentials and to the ammonia 
hYdro. "en ratios required to produce given quantities of nitrogen in 
solution in iron, the diagrams compiled by Lehrer (1930) and shown 
in Figure II. 1 were used. 
11.3 Nitrogen-hydrogen ni-triding 
The nitrcgcn potential of a nitrogen-hydrogen mixture is 
determined by the partial pressure of nitrogen. The nitriding 
reaction is 
JL 21ý (g) 
for which the equilibrium constant is 
aN/ (6) 
Applying, Henry's Law, which is obeyed over the whole range of nitrogen 
solubility in Oe- iron, equation (6) can be written: 
I3 
Similarly, the equilibrium constant for the ammonia nitriding 
reaction, equation (2), can be written: 
Fig. 11.1 
5, o'NH3 
T Oc. 
EWLIBRIUM- BETWEEN NHg: d,, MIXTURESIIATM. 1 AND 
.4 ISOLID PHASES OF THE IRON-NITROGEN MTEM 1AFTER LEHRER 
(1930)). 
Log fugacit" 
of N4atm) 
T0 
FUGACITY -TEMPERATU RE DIAG RAM FOR THE IRON- 
- 
NITROGEN EM USING DATA F ROM THE PREVIOUS FIGLRE. 
300 400 500 600 700 Boo 
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11 
4 wt. 
%N 
The kange of nitrogen potential of a nitrogen-hydrogen mixture 
is obviously limited. For example, a piece of iron equilibrated at 
600 0C in one atmosphere of nitrogen will contain 9.1 x 10-4 Wt. %N. 
At the same temperature in 10%Ml 3 :H2 the same piece of iron contains 
O. lwt. %N after equilibratiom and the nitriding potential of such a 
mixture equals that of nearly ten thousand atmospheres of nolecular 
nitrogen. 
The hydrogen in the nitrogen-hydrogen mixture acto as a 
diluent by reducing the nitrogen partial. pressure. Although other 
gases (e. g. argon) could be used, hydrogen is desirable because 
commercial nitrogen contains appreciable quantities of oxygen which 
oxidises the metallic alloying element (internal oxidation) if the 
latter is less noble than iron. Furthermore, the rate of nitriding. 
can be affected by surface contamination by oxygen. Small concentrations 
of hydrogen in the nitrogen reduces the oxygen potential of the gas 
and so eliminates these undesirable effects without any appreciable 
reduction in nitridinfr potential. Cz 
11.4 Apparatus 
The nitriding apparatus is shown in Figure 11.2 and 11.3. 
Commercial liydro, (, Yen, nitrogen and ammonia were purified by standard 
methods (see Figure 11.4); the activated copper was pre-reduced in 
hydrogen for several days at 140 0C and maintained at 1000C during 
use, Gas flows were measured by calibrated capillary flow meters 
(see Figure 11.5). Two types of furnace were useds one having a 
horizontal and the other a vertical alumina reaction tube. The 
furnace temperature was controlled to ±3CO by standard controllers 
using a Pt-Pt: 11h thermocouple near the furnace resistance winding 
and the specimen temperature was measured by a chromel: alumel 
thermocouple in a sheath within the reaction tube directly alongside 
the specimen. The pressure in the system was maintained slightly 
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above atmospheric by 1- 2cm. head of oil in an exit bubbler. 
Capillary flow meters were calibrated by a bubble displacement 
method. Total flow rates of the order of twelve litres per hour 
ircre found to give no detectable ammonia cracking below 650 
0 C. 
Above this temperature, faster flow rates were necessary and in 
experiments with pure ajuionia a flow of approximately 30 litres per 
hour was required to maintain the maximum nitrogen potential. 
Procedures adopted in the nitriding experiments ivere: 
(a) Horizontal furnace 
After cleaningg the strip or wire specimens were laid across 
an alumina boat which, connected to a silica rod, mras placed in the 
cold end of the reaction tube. The systera was then scaled, evacuated 
and filled with nitrogen. The required arxnonia: hydro,,,, cn. or nitrogen: 
hydrogen gas mixture was then adtnitted, flushing out the nitrogen, 
and allowed to flow usually for half an hour to ensure stable nitriding 
conditions. The alumina boat and specimens i. ere then moved into the 
heated rcaction zone using a magnet. After nitriding, the boat was 
withdrawn quickly to a position under the i,. ater cooling coils, cooled, 
and then removed from the apparatus after the nitriding gases had 
been flushed out with nitrogen. With such small specimens, even this 
crude quench is sufficient to give martensites under the appropriate 
nitrogen concentrations. The procedure for powder specimens was 
similar. 
All specimens were weighed before and after nitriding. 
(b) Vertical furnace 
Specimens were suspended by a platinum wire in the cold upper 
extension of the furnace. After proceeding as for the horizontal 
furnace, the specimens were lowered into the hot zone by a mag., net 
acting on a soft iron wire loop attached to the upper end of the 
platinura wire. After reaction, the wires were raised into the cold 
zone at the top of the furnace. If a fast quench ivas required the 
specimens could be released and dropped into an oil bath which was 
opened to the system immediately after quenching. A: fter purging 
-12- 
with nitrogen the specimens and the platinum wire were removed from 
the qxiench bath. 
11,5 Presqure- n! tri dina 
For nitriding with high-purity moecular nitro,,,,, en, specimens 
were veighed and sealed into a thick-walled evacuated silica tube 
(see r, i, -. ure ILO) with a calculated amount of & or 5- Fe 2N 
(-iiwt. %N) 
previously prepared by passing ammonia at high flow rates over 100 mesh 
iron powder at 450 0 C. When the silica tube is heated above 650 
0C the 
E- or 5- Fe 2N decomposes completely. 
The prc3sure of nitrogen is 
limited by the strength of the silica tubes and in the present work 
about forty atmospheres was the maximum. The sealed capsule was 
heated at the required temperature in a vertical furnace and q-enched 
by allowing it to fall into a water bath. Powder specimens for C* 
Pressure nitriding, were contained in a small open silica container 
within the thick-walled silica tube. 
-ray methods 
, -ray diffraction patterns of the nitrided materials were X 
obtained with monochromatic X-radiation reflected from a lithium 
fluoride single crystal. Monochromatic radiation was used to reduce 
the background intensity during the long exposures that were often 
necessary to bring up the weak diffraction patterns of precipitated 
Phases. The diffraction patterns were recorded photographically 
ýIsin,,, r a9 and l9cm. diameter cameras. For less critical work 
vanadium-filtered CrK-x radiation was used. 
11,7 I'l 
- letallographic 
examination 
To ensure that tile time to reach equilibrium during nitriding 
liras conveniently short, wires of square cross section were cut from 
strips 0.5mm. thick and although this is suitable for X-ray exaraination, 
IuOt, lllography and photomicrography are difficult with such specimens. 
Fig. Il. 6 
15-6 
4SWCENT 
ILICA 
JBING 
PECIMEN 
TO BE 
JITRIDED 
QUARTZ 
WOOL 
&or 5 Fe 2N 
a) Wires b) Powders 
c) 
METHOD OF SEALING SPECIMENS IN PRESSURE 
NITRIDING EXPERIMENTS 
0.5 cm. bore 
-13- 
The specimens were mounted vertically in cold mounting 
Compound in a 2cm. diameter mould or in bah-clite under pressure-curing 
at 1250C. Several specimens were usually mounted together. After 
reduction on an abrasive wheel the specimens were polished with 
BucOessively 8,3t I and J-^ diamond. 2%"nital" or 10i'W"chloral" 
rec. "ents rere found to be suitable etchants and the optical microscopy 
and Photemicrography were carried out using a Reichart projectioa 
microscope. 
11.8 Hardnesn meaq. urements 
Hardness measurements were j2ade using a standard microhardness 
tester fitted to the Reichart microscope. Where hardness profiles 
were observed, readings were carried out using a 50gm. load at 50 - 10ýýk 
intervals across the specimen. 
Lt. f) Preparation of specinens for electron microsco&v 
The methods for preparing specimens for electron microscopic 
exaMination are sw-ftmarised in Table 11.2. 
II-10 Electron nicroscope 
A J, E. 1f. 6A electron microscope was used for the examination 
Of extraction replicas and for work at low magnifications. The more 
critical high-resolution microscopy was carried out on an A. L, '. I,, B. )JAG 
'Which is equiped with limited stage tilting facilities (±50) and 
electromagnetic bcam tilts for dark-field operation. 
11*11 Clierd cal -Etnal 
ysi sI 
Nitrogen analysis was carried out using a standard micro- 
-Xieldahl apparatus with colorimetric determination of the ammonia 
iOn concentration using Nessler's reagent; ammonia chloride solution 
IMS used as a standard. 
'Me aiwaonia: hydrogen ratio of the gas mixture passing through 
the nitriding furnace was checked by chemical analysis. In this, the 
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exit gases were passed through a bulb of knoim volume f. or a sufficient time to obtain a representative sample. The bulb was then sealed off and the contents flushed out with nitrogen, via a diffuser, into 4% boric acid solution. The resultant solution was titrated with 0.01N hydrochloric 
acid usin. - a ractilyl red/methylene blue indicator. Me gas cOMposition before as well as after passing through the nitriding furnace 
was determined in thiq way by diverting the gras flow through a furnace "by-pass". 
-15- 
Chapter III 
The 8copeof the 32resent, investigation 
Previous work at Nev; castle by Pipkin (1967) and Spiers (1969) 
on the precipitation of nitrogen from iron alloys containing respectively 
mahganese, and molybdenum and by Roberts (1970) an precipitation in 
Fe-N, Fe-', '4b-N and Fe-Si-411 alloys showed that characterization of 
precipitates under a v,, iee range of equilibrixua and pseudo-equilibrium Cý 
conditions was possible by using gas equilibration methods coupled 
with sensitive X-ray diffraction techniques. A similar approach was 
adopted in the present investigation of nitride precipitation Dom 
iron-chromium alloys. 
Tn iron-chromium-nitromen alloys it is shown (see Chapter IV) 
that only CrN and Cr 2N are precipitated 
in the range 500 - 1,000 
0 C. 
The particular nitride observed depends upon the chromium activity in 
the alloy. 
In Chnpter V the quench-aging of iron-chromium-nitrogen alloys 
at temperatures where substitutional solutes have negligible diffusivities 
shows that chromium, because it reduces the activity coefficient of 
nitrogen in iron, has a marked effect upon the rate and the dispersion 
of iron nitride precipitation. 
Chapters VI and VII'_deýcribe investigations of the kinetics 
and morphology, respectively, of homoreneous precipitation in Fe-Cr-N 
alloys. This complements previous work on the re-Mo-N and Fe-Nb-N 
systems where substitutional-interstitial Guinier-Preston zone 
formation was recognised for the first time. In the present Work 
homogeneous 1 0 precipitation requires a high supersaturation of nitrogen, 
as in G. P. zone formation, but no evidence for clusters or precipitates 
other than the equilibrium phase is obtained. Reason for this are 
suggested. 
Finally, some observations on the man"anese-carbon system CS 
and the characterization of a new carbide, Mn 2P. C6* are described in an 
Appendix. 
-16- 
Chapter IV 
Precipitation in iron-chromiun-nitrofren alloys 
IV. 1 Introilnetion. 
Precipitation from steels is usually studied by quench agring, 
but the rapid decrease of the driving force for precipitation which 
is characteristic of quench aging can be avoided by employing "constant Lý 0 
activity aming". This method, which for nitrogen precipitation is 
carried out in ammonia-hydrogen gas mixtures, produces quantities of 
precipitate sufficiently large for identification by X-ray diffraction. 
Figure IV. 1 (after DarIzen, 1915P) shows the relative rates of diffusion 
for substitutional and interstitial atoms in ferrite. It is clear 
that at all temperatures nitro,,,, en diffuses much more rapidly than 
chromium. ror small sections of low alloy specimens, nitrogen diffuses 
into the material and cquilibrates quickly with the nitriding gas 
before extensive diffusion of the substitutional alloying element occurs. 
By maintaining a constant nitro, -, cn potential at the specimen surface, 
any nitrogen which is precipitatcd from solid solution as nitride is 
replenished from the gas atmosphere and further precipitation occurs. 
If necessary, the aging can be continued until relatively large 0 
quantities of precipitate ýare formed. 
Before nitriding, all the iron-chromium. alloy wires were 
annealed for 18 hours in purified hydrogen at 850 
0 C. This pre-treatment L> 
removes dissolved oxygen and allo,,,; Ei recrystallisation. so that specimcns 
are more amenable to Yactallo,,: raphic examination. 
IV. 2 The chromium-nitrogen sy3tem 
This system is well established (see Chapter I) and so only 
a few confirmatory runs have been carried out. The observations are 
shown in Table IV. 1 and Figure IV. 2. 
Chro-mium powder was prepared by grinding electrolytic chromium 
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flake. Ax=onia passed over this at 900 
0C 
gave total conversion to 
CrN. Similar results were obtained by press ure-ni tri ding chromium 
powder, but the CrN product contained a trace of Cr 2N 
due to insufficient 
nitrogen in the sealed tube for complete conversion. The X-ray data 
for the two phases are givea'in Tables IV. 2 and IV. 3. 
These results are constatent, with thermodynamic data published 
by Sano (1937) and Seybolt &- Oriani (1956). The critical nitrogen pressures 
for formation of CrN and Cr 2N at 575 
0C are shown in Figure IV. 3; at all 
temperatures below 1,000 0 C. using the nitriding techniques described C-1 C% 
in Chapter II, pure chromium will form CrN. 
IV. 3 Precipitation in Fe-Cr-', Il alloys 
A swimary of the observaticns of precipitation in Fe-Cr-N 
alloys is given in Tables IV. 4, IV. 5 and IV. 6. 
Previous work by Pipkin (1967) and Spiers (1969) clearly 
demonstrates the effect of varying the concentration of a substitutional 
alloying element on the sequence of precipitated phases when iron 
alloys are aged. Similar effects are observed in iron-chromium- 
-nitrogen alloys. 
In ammonia-hydrogen inixtures (see Table IV. 4) the nitride 
precipitated in alloys of different chromium content is always Crx. 
This is illustrated in Figure IV. 4 where the amount of CrN increases 
as the concentration of chromium increases, 
On "constant activity a,, -ing'l in nitrogen-hydrogen mixtures 
the results listed in TabLe IV. 5 were obtained. 
At 80*5 0 C, alloys with high chromiiza contents precipitated 
both CrN and Cr 2 
NT but with lower concentrations only CrN is formed. 
At 1028 0C precipitation is observnd only in the high chromium alloys 
where Cr 2N is formed 
(see Figure INF. 5), while the lower alloys transform 
to homogeneous nitrogen austenite. 
Table TV. 2 
X-ray datafor CrN 
CrKc<radiation a-4.150 
intensity 111cl sin 
2 
obs. 
sin 
20, 
calc. 
m ill 0.2285 0.2289 
200 0,3038 0.3052 
220. 0.6128 0.6104 
311 0.8412 0.8393 
222 0,, 9145 
I 
0.9156, 
Tablo IV. ', 
X-ray data LoK. 
_Cr 
T A 
CrE'c<radiation a-4.469; c=4,790 R 
intensity lild sin 
29 
obs. 
sin 
29 
Cale. 
w 101 0,1400 0.1418 
w 110 0.2285 0.2283 
m 00 r". 0.2628 0.2628 
8 ill 0.2936 0.2940 
VVI 201 0.3690 0,3681 
112 0.4907 0.4913 
211 - 0.5948 
300 0.6864 0.6849 
vs 113 0,8197 0.8198 
203 - 0.8941 
vw 220 0.9145 0.9132 
. 102 - 0.9492 
0 -1 
0.9787 0.9802 
i g. IZ 3. 
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(atm. ) E 
-1 
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CRITIC, 4L NITROGEN PRESSURES FOR FORMATION 
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Table IV. 6 
Nitriding iron-chromium alloys by pressure 
nitriding in molecular nitrogen 
run chromium temp. ý time 
phases formed 
FeCr % atio. 0c lira. -Fe-Cr CrN Cr 2 
M, 
1 4.1 40 700 120 x x 
2 4.1 10 700 120 x x 
3 5.6 30 950 24 x x 
4 919 30 950 24 x x 
5 14.0 30 050 24 x x 
6 29.8 30 050 24 x xx 
7 3916 30 950 24 x xx 
Fig. IV. 4. 
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The results of pressure nitriding shown in Table IV. 6 are 
similar to those obtained with nitrogen-hydrogen mixtures. Alloys 
with less than 14%Cr precipitated CrN and the 29.8 and 39.6, 'C'ICr alloys 
formed Cr 2 
X. 
All nitriding results clearly show that the particular nitride 
precipitated from Fe-Cr-N alloys at 500 - ljOOO 
0C and low nitrogen 
activities depends on the chromium concentration. With less than 
about 20wt. % chromium CrN is the stable phase; with higher than this 
critical content, Cr 2N 
is always formed at high temperatures, aad CrN 
at lower ones. The experimental observations are consistent with the 
phase relationships given by Turkdugan and shown in Figure IV. 6. At 
8G5 0C in alloys containing less than 15% chromium and lovr nitrogen 
potentials an austenite solid solution is formed but with higher 
nitrogen potentials more nitrogen is taken up by the alloy until the 
solubility limit of CrN is exceeded and so this phase is precipitated 
(see runs 1,29 41 59 69 99 10 and 11). Alloys with higher chromium 
contents than 2Chvt. % initially precipitate Cr 2N 
but, as the chromium 
activity in solution decreases, this nitride becomes unstable with 
respect to CrN; see runs 3,7,8,12 and 13. 
The reaction taking place-in ammonia-hydrogen mixtures may 
be written as: 1ý 
CrN Cr + NH 
--I- 
X11i 3 
At 575 0C the equilibrium constant (K) for this reactiong derived from 
6 data comp1led by Pearson & Ende (1953), is 0.90 x 10- It is then 
possible to compute the ammonia-hydrogen ratios in equilibrium with 
CrN at any chromium activity from 
ft Cf. PJHj KW ft en 6.90 x 10-6 900*(10) aC04 .a YA 
if ac, 
-N 
is taken as unity. 
When CrN is formed in an alloy at 575 
0C 
with 0.0051 2 
kj'43/P"Z 
ý 
i. e. in about 0.5NH 3 : 99.511 2 gas mixture, 
the concentration of chromium 
remaining in solid solution is approximately 0.14wt. %. It can 
therefore be concluded that in all the experiments carried out in 
Fig. TV. 6. 
3 
2 
wt! /oN. 
+CrN 
+Cr2N + 
L X+CrN 
1.0 0.1 
005 
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0/0 C r. 
lines of constant nitrogen pressure. 
a 
. 
THE [RON- CHROMIUM-NITROGEN SYSTEM AT 800C. 
( from the data of Turkduganj 1964. ) 
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the present work, effectively all the chromium in the alloy is 
precipitated as nitride at the ammonia concentrations used. This is 
also indicated by the comparison of observed and calculated weight 
gains shown in Figure'IV. 7. After nitriding, the alloy consists of 
iron-nitrogen solid solution, a trace of chromium, and CrN. Increasing 
the nitrogen potential merely increases the nitrogen in solid solution 
in a manner similar to that in the Fe-N binary system, and with still 
higher nitrogen potentials the usual iron-nitrogen phasesýare formed. 
The X-ray photographs from runs 6,7 and 8, reproduced in Figure IV. 8 
show the phasoo to be expected on this basis. 
The results indicate that at low nitrogen potentials a 
t 
critical chromium concentration exists at which Cr,, N becomes unstable 
with respect to CrN. This observation should, of course, be explicable 
in terms of the thermodynamic properties of the ternary systeme 
As a first approximation it is assumed that in ternary Fe-Cr-N 
alloys there is only a chromium-nitrogen interaction with no interaction 
between chromium and iron. On this assumption, the nitrides formed 
are binary chromium nitrides containing negligible iron. The free 
energies of formation of the chromium nitrides are given in Table IV. 7 
and assume that &H and AS are independant of temperature. Since 
chromium nitrides are more stable than Fe 4N they are much 
less 
soluble in iron than the latter. 
The integral molar free energies of formation per gram atom 
of the nitrides at 6750C and 8650C are plotted in Figure IV. 9 where 
each nitride is assumed for simplicity to be stoichiometric with a 
negligible range of homogeneity so that each free energy-composition 
is represented by a vertical straight line. The ordinates at nitrogen 
atom fraction of zero and unity represent the chemical potentials (A 
of chromium and nitrogen, respectively, in solid solution in ferrite 
and tangents to the integral riolar free energy curves cut these 
ordinates at points respesenting the chemical potentials of the two 
component elements in equilibrium with the appropriate nitride. 'Ille 
chemical potentials are related to the activities of the elements 
Fig. TV. 7. 
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in solUtion by: 
4- - RT 1aa0*.. (11) ý/" cr Cr- 
and A, /A r, - 
]IT 1na4. (12) 
As the concentration of nitrogen in-solution is of the order 
of O. lwt. %N ideal solution behaviour is assumed and so 
4AN 
- Xr ln 
[N] 
. ... (13) 
where [14] represents the concentration of nitrogen in solution* With 
activity data for iron-chromium alloys taken from Jeannin et. al. (1963) 
the solubilit of nitro-en and chromium in equ;, librium with each nitride y 
precipitýat6d from a given chromiiLm ferrite- can be determined. 
Figure IV. 9 shows that the nitride formed is dependant 'L. p, Aa 
both the chromium and nitrogen contents of the ferrite during aging. CP 
However, errors of -+- 
1- 2k. cal. in the available thermodynamic dutap 
suggest that only a semi-quantitative discussion is appropriate. m 
At 1 575 0C it can be prodicted that CrN ia more. stable than Cr 2N 
and is always the nitride precipitated in the iron-chromium alloys, 
used in the present investigation *' At 8659C, "constant activity aging" 
of alloys with chroi,. iiun contents lower thria 17ivt. % will precipitate 
CrN if the nitrogen activity is sufficiently high. The chromium 
content in solution xvill decrease to that in equilibrium ifith CrN 
0 and the gas iziixture i. e. approxiclately 41vt., I'VCr at 865 0C with 
80% 
nitrogen: 2026 hydrogen. 
With concentrations of chromium greater than about 17wt. %p 
Cr 2N is stable and this phase precipitates on aging until the chromium 
content in ferritic solid solution falls to Myt. % at which stage 
CrN is nucleated and grows at the expense of the primary precipitate, 
On completion of the process only CrN remains. The chromium content 
thus governs the nature of the primary precipitated phase but the 
extent to which the process proceeds is determined by time for r. 
given applied nitrogen potential. In "constant activity aging" only 
-21- 
a single nitride is present at final equilibrium and so in runs 3j 70 
89 12 and 13 CrN is growing at the expense of the Cr 2 
N. However, a 
mixture of two nitrides can remain in equilibrium in quench aged alloys 
since the dissolved nitrogen potential varies continuously during the 
precipitation process. A mixed nitride is obtained in alloys whichs 
I 
when reaching the Cr 2N- CrN transition point, have only sufficient 
supersaturated nitrogen to convert part of the lower nitride to the 
higher nitride. 
IV. 4 Conclusions 
(a) The following seven phases are observed in Fe - Cr- H 
alloys: 
ferrite, austenite, Fe4 Np Fe 16 N2 
martensite, CrN and Cr 2 
N. 
No ternary phase is formed. 
(b) The phase precipitated from a given alloy is dependant 
on both the nitrogen and chromium concentrations in accordance with 
the known thermodynamic data for the system. 
-22- 
Chapter V 
Low temperature aging of Fe-Cr-N alloys 
V. 1 Introduction 
I No previous work has been published on the aging of Fe-Cr-N 
alloys at low temperatures. However, it is possible to predict the 
behaviour of these alloys from similar work on Fe-Mn-N alloys by 
Pipkin (1967), on Fe-Mo-N alloys by Spiers (19G9) and on Fe-Si-N 
alloys by Roberts (1970). The results of these investigations are 
interpreted in terms of the effect of the substitutional alloying 
element on the activity coefficient of nitrogen in ferrite and the 
corresponding change in the critical nucleus size for formation of 
iron nitrides. 
It is believed that Fe-Cr-N alloys behave in a similar manner 
during low temperature aging. 
V. 2 Experimental 
The work of Spiers (1970) indicated that a homogeneous Fe-Mo-N 
alloy could be prepared by nitriding iron-molybdenum alloys, containing 
up to 5wt. %Mo, in a 16NII 3 : 8411 2 gas mixture at 
460 0C for approximately 
twenty hours. Longer times, higher temperatures or higher nitrogen 
potentials than these lead to precipitation of molybdenum nitrides. 
Iron-chromium alloys were therefore nitrided for 13 hours in 
19NH 3 : 8111 2 at 465 
0C (equivalent to 0.027wt.,, IoN in pure iron) after which 
X-ray and metallographic examination showed no precipitation of. chromium 
nitride. After aging, at 1.0.5 0C and 250 0C in small evacuated silica 
capsules, specimens ivere water quenched, 
Interstitial nitrogen interacts with dislocations and vacancies 
in addition to substitutional atoms. Cold working, for example, 
changes the effective activity coefficient of nitro, -, en (Darken & 
Wriedt, 1965) and hence the kinetics and morphology of nitride 
-23- 
precipitation. These factors were eliminated in the present work 
by 
hydrogen annealing prior to nitriding and by careful handling of the 
specimens. 
V. 3 Results of the lovi temperature aging of Fe-Cr-N alloys 
I 
The aging behaviour of four alloys, containing Op 1.21 2.3 
and 5.6wt. % chromium, was initially studied at 2500C. Photomicrographs 
of quench-aged iron and iron-chromium alloys nitrided to the same 
nitrogen activity are shown in Figures V. 1 - 3. The well known two 
stage precipitation process at "050 
0C (Dijkstra, 1049; Jack & Ma3nvell, 
1052) in which the initial eý<"_ Fe 16 N2 transforms completely 
to C- Fe 
.4N 
after about three hours is not observed because the alloys were 
nitrided to a nitrogen activity below that in equilibrium with Fe 16 N2 
at 250 
0 C. At this temperature the nitrogen activity in pure ferrite 
in equilibrium with Fe 16 N2 is equivalent to 
0.03wt. %N in solution 
whereass the nitrogen activity in the above alloys is equivalent to 
only 0.028wt. %N in pure iron. 
I 
In the pure iron and 1.20rt. %Cr alloy, - ý- Fe 4N was observed 
as characteristic small V's or needles of precipitate after five hours 
aging but no precipitate was observed after 1.5 hours. Figures V. 1 
and 2 show that the Fe 4N precipitates are bigger in 1.20wt. 
%Cr 
alloy and the precipitation is slower than in pure iron; the higher 
chromium alloys contain no observa')le precipitates. Subsequent 
hardness measurements shown*in Table V. 1 indicate that even at 4650C 
some chromium diffusion and hence chromium nitride formation occur 
because the higher chromium alloys had hardness values much hi, (, rher 
than could be explained by solid solution hardening. 
By nitriding for shorter times and at lower teraperatures an 
attempt was raade to observe precipitation in all the alloys but iron 
nitrides were never observed on aging 2.3 and 5. Gwt. %Cr alloys. 
Aging at 1250C for Slhours (see Figure V. 3) produces Fe' N 10 2 
in the pure iron and 1.20wt. %Cr alloy. Once again the precipitates 
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Table V. 1 
Microhardness values for alloys "constant activity a&ftdý' 
at 4651C 
wt. %Cr ii 
M 
(k mm 
2) 
. 
1ý, (kg/mm 2), " 
(as annealed) 
0 140 90 
1.2 150 100 
2.3 330 120 
5.6 410 150 
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are larger in the chromium alloy than in the pure iron. 
VA Discussion 
The effects of alloying elements (x) on the activity coefficient 
are shown in Figure V. 4; the Of nitrogen in liquid iron 
relative effects are expected to be much nore pronounced in Solid 
iron as the departure from ideality increases with decreasing temperature. 
Hetallographic examination of aged alloys demonstrates that 
the size of Yý- Fe 4N and Qýeo- 
Fe 16 N2 precipitates increase as the 
chromium content increases and the quantity of precipitate increases 
With chromium content. 
During nitriding, for a given nitrogen activity in 
the nitriding gas, the nitrogen concentration in solid solution 
.1 varies 
according to whether the activity coefficient is decreased or increased 
since: 
rAVt IK - 
PnSA, - ag - HI 
where IC is the equilibriwa constant. 
For a substitutional solute which 
decreases the total 
amount of nitrogen precipitated must 
increase. Since chromium decreases 
the activity coefficient of nitrogen 
then the increase in the quantity 
Of precipitate is explained but not 
the variation in precipitate size. 
The latter observation is explained 
by nucleation theory which gives 
the critical radius (r*) for nucleation of a spherical particle 
(Ifeal 
Hardy, 1954) as: 
-2 6- 
r= -=r- .... 
(15) 
'6QV 
'Where AG is the free energy change per unit volume; 
v 
0' is the surface energy per unit area of 
the particle-matrix 
interface; 
'Ind where any strain energy contribution 
is neglected. 
(N 
'f'I 
X 
is the activity coefficient of nitrogen 
in the alloy using the 
inf of nitrogen in o<-iron as 
the standard state initely dilute solution V i. e. jvt.,, g;, where --> 
1 as wt., "fN -> 0. 
r4 -f'j 
Fig. V. 4 
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The driving force for precipitation per unit volume is 
416 G7 RT . ln 
aj 
.... 
(16) 
v CIL a,, 
where a1 is the solute activity in the supersaturated solid solution 
at T0K; 
a2 is the activity in equilibrium with the precipitated phase 
at the same temperature 
and JZ is the molar volume of the precipitate. 
After nitriding with the same gas mixtures both the pure iron 
and the iron alloys have the sayae nitrogen activity. III-len the 
temperature is redaced 
_f, 4% 
changes because the solution deviates 
further from ideality and hence at thc aging temperature the nitrogen 
activity in the alloy ferrite is altered relative to that in pure iron. 
Alloying additions which decrease cause a further decrease in the 
activity coefficient with decreasing tempera-Lure and so the activity a 
decreases and, assiuning cV' is constant, r* is increased. Conversely, 
r *is decreased by alloy additions that increase -fN 
A- 
This effect of the substitutional alloying element on r* could 
'31 -A explain the absence of precipitation in M and 5.6wt. %Cr alloys as r 
may be so large that it inhibits homogeneous precipitation of iron 
nitrides. A more likely explanation is that the araount of nitrogen 
in solution in these higher chromimi alloys is reduced due to tile 
precipitation of CrN at the nitriding, temperature and therefore 
precipitation of iron nitrides docs not occtir on aging at low temperature. 
The hardness increases observed with 2.3 and 5.6wt. %-Cr alloys also 
indicate that precipitation of CrN has occurred during nitriding. 
Precipitates in quench-aged iron-chromium-nitrogeri alloys 
are larger than those in similarly treated iron-nitrogen alloys. These 
observations are in complete agreement with the previous work on 
Fe-Mn-N (Pipkin, 1967) and Fe-Mo-N (Spiers, 1969) where precipitates 
in the alloy ferrites, are coarser because manganese and molybdenum 
similarly decrease the activity coefficient of nitrogen in iron. The 
relative sizes of precipitates for alloys with approximately lwt. % of 
-26- 
substitutional element treated under similar conditions are in 
agrreement with the relative effect of the chromium, manganese .2 
and molybdenum on f, " (see Figure V. 4) i. e. the precipitates in 
chromium alloys are coarser than those in manganese ferrite and 
in turn these are larger than in molybdenum ferrite (see Figure V. 5). 
The work on Fe-Si-N alloys (Roberts, 1970) showed in 
striking contrast that the opposite effects occur in these alloys 
because silicon increases the activity coefficient of nitrogen 
in iron. 
V. 5 Conclusions 
(a) The aging of iron-chromium-nitrogen alloys at low 
temperatures is explained by the effect of chromium on the 
activity coefficient of nitrogen in solution in ferrite. 
(b) Chromium decreases the activity coefficient of 
nitrogen in ferrite and the activity coefficient for a given 
chromium content decreases still further with decreasing 
temperature. 
(c) At a given nitrogen potential, the increased amount 
of precipitate in the chromium alloy with respect to pure iron 
is due to the decreased activity coefficient. 
(d) The coarsening of ý'- Fe 4N precipitates as 
the 
chromium content increases is also a result of the change in 
activity coefficient of nitrogen in iron and is accounted for 
in terms of nucleation theory. 
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Chapter VI 
Ilomoireneous precipitation in iron-chronium-nitrogen alloy 
VI. 1 Introduction 
I Spiers (1969) showed that the nitriding of iron-molybdenum 
alloys below 600 0C produced very hard materials associated with 
non-equilibrium precipitation. Electron microscopy and electron 
diffraction showed that the precipitation sequence was similar to 
that observed in face-centred cubic alloys i. e. 
G. P. zones -> metastable intermediate --> equilibrium precipitate 
precipitate 
and demonstrated for the first time the occurrence of Guinier-Preston 
zones containing both substitutional and interstitial solute atoms. 
It seemed important to establish whether similar precipitation sequence's 
were a general feature of iron-substitutional element-nitrogen systems, 
Roberts (1970) showed that pre-precipitation effects occurred in 
Fe-Nb-N alloys and the present work aimed-at investigating. the more 
industrially important Fe-Cr_N system. It seemed of interest 
(a) to establish the sequence of homogeneous precipitation 
stages, if any, in Fe-Cr-N alloys; and 
(b) to characterize the phases formed and their orientation 
relationships with the matrix. 
VI, 2 The electron microscopy of Fe-Cr-N alloys 
Thin foils of the materials obtained by nitriding were examined 
in the electron microscope unrler experimental conditions tabulaýed in 
Table VI. I. 
The micrograph shown in Figure VI. 1 is typical of the structure 
observed on nitriding 1.21vt. %Cr alloy at 575 
0 C. The electron diffraction 
patterns exhibit marked streaking in <100). directions and dark field 
photographs taken from the region of maximum intensity in the streak 
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shows that the precipitates are responsible for the streaks. Further 
aging of 1.2wt, %Cr alloys results in growth of the precipitate with 
a resultant decrease in the diffraction streaking. The diffraction 
patterns shown in Figure VI. 2 from a thin foil of Fe : 5.6wt. %Cr 
nitrided for 5 days at 575 0C in GNII : 9411 are identical to those 32 
found in 1.2 and 20.3wt. 
%Cr alloys after the precipitates have groyM 
large enoutrh to give a discrete diffraction pattern. In all these L% 
alloys the disc-shaped precipitates on klOOj, planes give the same 
diffraction patterns and these are indexed as arising from face-centred 
cubic CrN with the Baker-Nutting, (1959) orientation relationship: 
(001L // (001) CrN [1003,, e // 
[110] CrN a 
The micrographs of Figures VI. 3 and 4 are from a carbon 
extraction replica taken from the surface of nitrided O. gwt. %Cr alloy. 
This shows homogeneous precipitation of CrN discs in the ferrite 
grains together with grain boundary laths of Cr. N. 
At lower temperatures the kinetics of nitriding and rates of 
precipitate growth are obviously slower. Figure VI. 5 illuntrates an 
early stage in the nitriding of 1.2wt, %Cr alloy at 5200C. The disc- 
-shaped precipitates are only 1001 across and the <100> diffraction 
pattern is continuously streaked. The <111> diffraction pattern 
taken from another grain in the thin foil shows three spikes of 
intensity around the 
f 110 j diffraction spots. These rods of intensity 
in reciprocal space along <100> matrix directions are clear evidence 
of the disc-like nature of the particles lying on <100> matrix 
planes. This material was subsequently studied in a one million volt 
electron microscope to determine the nature of these small precipitates 
and the diffraction pattern shown in Figure VI. 6 was obtained. It 
illustrates the value of high voltage instruments in that the lower C, 
wavelength of the electron beam allows the production of a diffraction L. "> 
pattern. from smaller precipitates. The discrete diffraction patterns 
from the three orientations of CrN are clearly discernable superimposed 
On the (a20) matrix pattern. 
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The weight gain data obtained on nitriding alloys at 475 
0C 
for ten days is shown in Table VI. 2 and clearly indicates conversion 
of the chromium to CrN; the latter was further confirmed by X-ray 
diffraction for the chromium-rich alloys. Examination of the lower 
1.2wt. %Cr alloy in the electron microscope showed that homogeneous 
precipitation, completely analogous to that shown in Figure VI. 59 
had occurred. 
VI. 3 The tranBformation nf nitrided iron-chromium alloys on agrin 
Prolonged nitriding at temperatures below 600 
0 C, of alloys 43 
containing more than 5wt. %Cr produces growths from the grain boundaries 
which increase on continuing the nitriding until the whole of the 
matrix has transformed. Untransformed areas retain their high 
hardness until the transformation front has passed, after which the 
hardness decreases to 600 - 700 V. M. 11. 
Electron micrographs from transformed, regions are shown in 
Figure VI. 7. The precipitates were identified as CrN by X-ray and 
electron diffraction and their acicular morphology (see Figure VI. 8) 
is identical to that observed by Spiers (1970) in Fe-Mo-N alloys. 
The work of Grozier et. al. (1963) on the transformation of nitrogen- 
-ferrite to austenite is characterized by similar needle type growths 
nucleated along grain boundaries and this led to the suggestion that 
the transformation of Fe-Mo-N alloys during prolonged nitriding is 
associated with the formation of austenite. In additiong the recent 
investigations by Berry et. al. (1970) of fibrous alloy-carbide 
growth during the isothermal transformation of austenitic iron- 
-molybdenum-carbon to Mo 2C and ferrite at 600 - 900 
0C shows that 
the decomposition of carbon-austenite produces a similar morphology 
to that observed in the present investigation. Nevertheless, the 
formation and growth of fibres in Fe-Cr-N alloys at temperatures as 
low as 475 0C (see Figure VI. 9) suggests that austenite formation is 
not a prerequisite for such transformations. The process is simply 
the conversion of small homogeneously precipitated CrN, a state with 
Table VT. 2 
Weight changes in nitriding iron-chromitimjIll-p-ts- 
AI_472C 
wt. %Cr avorage observed calculated 11 
weight gain (Nýrt. %N) NI) weight gain (wt. % 
2 
(kg/mm 
1.2 0.30 0.33 550 
2.3 0.68 0.63 850 
5.6 1.46 1.41 660 
9.9 2.40 2.31 650 
Sc 0.03wt. %N in solution in ferrite. 
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high total interfacial energy, to an aggregate of large chromium 
nitride needles in a ferrite matrix. The driving force for the 
reaction is probably the reduction in interfacial energy because the 
precipitated phase is CrN both before and after transformation and 
so there is no volume free energy change. 
VI. 4 Discussion_ of homogeneous precipitation in Pe-Cr-N alloys 
The present and other work at Newcastle has established the 
following general conditions for homogeneous precipitation in Fe-X-N 
alloys: 
(a) Mixed substitution-interstitial solute'-atom clusters and 
metastable species are produced only with alloying elements which 
decrease the activity coefficient of nitrogen in iron. This increases 
the solubility of nitrogen in iron, allowing high concentrations of 
interstitial atoms in solid solution and hence rapid formation of 
zones or intermediate precipitate. By contrast in iron-silicon alloys 
where silicon increases the activity coefficient of nitrogen in iron 
()Ioberts, 1970), the nitrogen concentration in equilibrium with a 
given nitrogen activity is so low that G. P. zones are never observed, 
(b) Nitriding must be carried out below a critical teraperature 
and a critical nitrogen potential must be exceeded. The interstitial 
atom supersaturation above that of,. the, G. P. zone solvus (see Figure VI. 10) 
must also be maintained by "constant activity aging". 
Previous work established that precipitation occurred in 
Fe-X-N alloys where X is niobium or molybdenum and more recent 
investigations with alloys containing vanadium, titanium and tungsten 
has shown the general nature of these phenomena. Once formed, the G. P. 
zones are remarkably stable and the material remains hard even after 
several hours over-aging at temperatures approaching 700 0 C. The 
precipitation-goes through each of the stages recognised in the 
classical work on aluminium. alloys: (i) coherent G. P. zones 
'on ý100) 
ferrite riatrix planes; (ii) formation of at least one intermediate 
metastable phase becoming partly or wholly incoherent; (iii) precipitation 
Fig. A. 10 
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of the final stable phase. 
Electron micrographs and electron diffraction patterns from 
nitrided 5.0wt. %Mo alloy and l. Owt. %Nb alloy are shown in Figures VI. 11 
to 13. Figure VI. 11 is slightly below peak hardness but is similar 
to the "tweed" microstructure observed in Cu-Be alloys (Tannerg 1066); 
there-. 
- 
is---pronounced <100>.,, diffraction streaking. Figures VI. 12 
and 13 are at about peak hardness and show continuous streaking 
between matrix diffraction spots in <100>,,, directions. They are 
almost identical to electron micrographs of 4wt. %Cu: Al showing the 
intermediate precinitate 
8' (see Nicholson et. al.; 1958). 
The zones can be regarded as disc-like clusters of an c<" F016N 2 
-type atomic arrangement but with a smaller N: Fe ratiot with some 
iran atoms substituted and with boLh substitutional and interstitial 
solute atoms disordered. The similarity of Figure VI. 14 - an electron U 
micrograph of pure iron supersaturated with 0.07wt-%N and aged at 
room temperature - and Figures VI. 12 and 13 suggests that although 
they occur at quite different temperatures the structural changes 
during the first stages of nitrogen precipitation are the saiae for 
pure iron as for the alloy irons. 
The metastable transition phase is esscntially an ordered 
alloy-substituted Q, <"- phase formed initially as coherent plates but 
eventually becoming incoherent as it grows. Figure VI. 13 shows discrete 
diffraction spots from this precipitate occurring near to matrix spots 
because its tetragonal structure (see Figure L. 4) is only slightly ti 
different from that of the body-centred cubic matrix and because it is 
precipitated on f 1001 matrix planes. The formation of the 0<"- type 
transition phase is independant of the structure and composition of 
the final equilibrium precipitate; the latter is irl- Fe 3 Ho 3N 
in 6wt., 2fo 
and r- NbN in 1, Owt, %Nb alloys, 
In the present investigation, at temperatures as low as 475 
0 C, 
only the equilibrium precipitate CrN has been observed even after very 
short nitriding times when the particles are extremely small. This 
indicates that if precipitation occurs in Fe-Cr-N the zones and/or 
FigVr. 11 
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intermediate precipitate are transient species which exist only during 
the very earliest stages of clustering of chromium and nitrogen atoms. 
Precipitation stnges are usually observed in alloy systems at 
low temperatures where there is limited diffusion of the precipitatinly, 
species and where zones or metastable precipitates can form more 
rapidly than the j'Uore stable equilibrium phase. At higher temperaturest 
when diffusion rates become faster, nucleation of the more stable 
precipitate becomes much more probable. A possible reason for the 
absence of zonesý and intermediate precipitates in Fe-Cr-N, alloys- is.:, - 
the higher *ýdiffUS17ity Of chromium in a<- iron compared to the other. 
substitutional alloying elements (see Runitake & Paxton, 1960) with-, 
the resultant easier formation of equilibrium phase CrN. 
-33- 
Chapter VII 
The kinetics of nitriding of iron-e. hromilin alloys 
VII. 1 Jntrodtiction 
Roberts (1970) concluded (see Figure V1I. l) that the rate of 
hardening correlated approximately with the rate of diffusion of 
nitrogen into a O. 99wt. %, Nb - Fe alloy during "constant activity agin 0 
in ammonia-hydrogen mixtures at 550 
0 C. Darken & Smith (see Grieveson 
& Turkdugan', 1964) support the view that the diffusion of nitrogen in 
iron is the rate-control ling process when such gas mixtures are used 
for nitriding pure iron. 
Apart from these investigations there is little published 
data on the kinetics of nitriding with ammonia-hydrogren mixtures at 2 
400-600 0C and so the present investigation attempts to elucidate 
the mechanism of nitriding of iron-chromium alloys at 575 
0 C. 
VI 1.2 The preparation of iron-cliroviium-nitrogen alloys 
The as-received iron-chromium alloys were cold-rolled to 0.5 
and 1.5mm. strip and specimens weighing approximately 2g were cut from 
this stock material. All alloys were annealed in hydrogen at 850 
0C 
for 18 hours before "constant activity agring" in ammonia-hydrogen 
mixtures. The uptake of nitrogen was, measured by periodically 
removing the specimen from the furnace, weighing it and then continuing 
the nitriding. At each interruption, a small sample was cut from a 
duplicate specimen to measure the hardness profile after the same 
successive intervals. To, ensure that removal of the specimen from 
tile furnace had negligible effect on the measured rate of nitridintr 4-5 01 
runs were repeated, buý specimens were removed after completely 
different time intervals. 
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VII. 3 Regults and disciission- 
"Constapt activity aging" of iron-chromium. alloys in 
an=onia-hydrogen mixtures below 600 
0C produces appreciable hardness, 
The rate and manner of hardening is shown in Figures VII. 2 to 4 
for 
alloys nitrided in 10NII 3 : 
0011 
2 at 
575 0 C. Those alloys containing not 
less than 5iyt. %Cr nitrided by forming a hard subscale which advanced 
progressively into the bulk material with the latter retaining 
its 
as-annealed hardness., Optical micrographs of case-hardened specimens 
are shown in Figure VII. 5. 
Hepworth et. al. (1965) considered the analogous oxidation 
of a O. lwt. % aluminium-iron alloy using hydrogen-water mixtures. , 
Applying a similar treatment in the present investigation the' following 
simplifying assumptions must be made: 
(a) in internally nitrided specimens the nitrogen concentration 
varies linearly with penetration depth through the case; 1 
(b) at the surface the nitrogen in solution is in equilibrium 
with the gas phase; and 
(c) hitrogen and chromium are in equilibrium with'CrN at the 
interface between the case and the unnitrided core. 
Since the (liffilsivity of chromium in iron is far less than 
that of nitrogen, the following diffusion equation may be writter 
Ii 
for 
the flux of nitrogen across the nitrided layer under the boundary 
conditions stated below; 
-dn 
,Dc- Ce 
dt x 
- 
4,6 - (ii) 
2 
where 
dn-is the rate of nitriding, g. atoms N/cm . see, dt 
X is the thickness of the nitrided layer, 
C is the nitrogen concentration in iron in'-equilibriuJm, with',. -. 
the ammonia-hydrogen gas mixture, 
C' is the nitrogen concentration in iron at the inner interface 
in equilibrium with CrN, and 
D is the diffusivity of nitrogen- in iron, 
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C' is a few orclers of magnitude sinaller than C as a result of 
the reasonably strong interaction between chromium and nitrogen and 
so it may be omitted in Equation. 17. The amount of nitrogen tran! ý. f erred, 
across unit area of the owuple may be represented in terms of the 
thickness, (X), the ratio (r) of alloy element to nitrogen, and the' 
chromium concentration (%Cr): 
q 
om/ 
2 
nr[ IIOC r] 10-' 
X g. at cm I 52 
where A is the density of iron. By combining Equations. 17 and 18, 
taking Cl -0 and converting concentration C to wt. %14, the following 
rate equation is obtained: 
dX 52 .1 
USJ D 
dt r] -x, 'i-4 r 
Inte, grating gives the parabolic equation: 
X2 Dt, .... 
(20) 
77 U- j-, C rý 
The square of the subscale depth, X, is plotted against time 
in Figure VII. 6 for the 0.9A., IfICr alloy nitrided at 676 0C in varl OIIB 
nitrogen potentials. The slopen calculated using the above equations 
are also illustrated and the data can be seen to correlate approximately, 
-; +. h f. heb inf^v-mil nif-Pidinm flionvv- Thp rnIPiAn+. ad Ormon hnvp nnt 
,h 
the origin as the experimental data appear to been dravin throup 
indicate that with low nitrogen potentials some "incubation period" 
occurs before the onset of steady state subscale kinetics. The 
experimentally observed case depths are generally smaller than the 
theory predicts, especially with low nitrogen potentials. This could 
possibly*be due to the effect of trace impurities in the gases 
causing large errors under the experimental conditions where low 
nitrogen potentials are used. In addition, 'the high chromium content 
of this alloy mearis that it is more susceptible to oxidation than 
alloys containingr less chromium. 
The increases obtained on ni'triding 1.2, . 2.3 and 
6.6wt. % chromium alloys at 5750C are shown-in Figure VII. 7 and 
Fig-VIT. 6. 
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correlate well with the hardness profiles. By measuring the areas 
under tile hardness curves an apparent case depth, X*ýý, has 
been 
calculated and with the data of ]Figure VII. 6 the function 
X'M 
-1 t '52 
, UV 
is plotted in Figure VII. 8 and is in reasonable a, (;, reerlent with tile 1: 1 
slope expected from theory. The value assivled for D, 
(2. tL, x 10-8cm, 
2 
see-'), 
gives the beat fit with the experimental data but differs somewhai 
from the accepted value for nitrogen diffusion in pure iron 
(1 X 10-7 
2 _1 cm see see Grieveson & Turkdugan, 1964). 
ilowever, because 
i 
diffusivities obtained by different workers often varies by order! of 
marynitude this four-fold difference is acceptable. ý The strain induced 
in the lattice by small particle precipitation could possibly explain 
tile change in diffusion rate. 
Calculated case depths for the experimental conditions used 
are shown in Figures VI. 2, and 4 and agree with the observed depthý. 
The nitriding of 1.2. wt. %Cr allcy obviously differs from Vint 
observed with higher chroplium. concentrations. The formation of ai 
hard subscale is not observed and the rate of nitriding is slower thall 
would be expected from the internal nitriding theory applied to higher ,I 
alloys. The absence of a case indicates that all tile nitrogen does i 
not react with chromium oil entering the specimen but some diffuses 
vith nitrot, inwards leaving some unreacted chromium which combines i. ien 
at a later stage. As a result, CrN can nucleate inside the speciriien 
before growth of CrN precipitates has absorbed all the chromium iri 
the surface layer. This produces the profile observed in Pigure V11.2. 
where the rate-controlling step is probably diffusion of! chromin I 
over small distances around the nucleating and growing CrN particles. 
he l. 2iYt. %Cr alloy was also, nitrided at 575oC in 2,6t 17 and 
25% armonia: hydrogen mixtures to observe the-- ch. ange rV 
in profilýlwiilh 
nitrogen potential. The results are showa in Pigures VII. 9 and 10 and, 
as expected, the rates of nitriding in 17 an& 25; 4 'ammonia are identical. 
The maximnm nitrogren activity possible in ferrite is that in equilibrium 
with Pe 4N and is produced with 141\111 3 : 8611 2 at 
575 0 C. Ile. low this critical 
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potential, the rate at which surface hardness is attained with increasing 
nitrogen potential is no doubt due to the effect of nitrogen in 
solution on the rate and density of nucleation i. e. the higher nitrogen 
concentration produces a larger number of CrN nuclei, and chromium 
atoms in solution then have smaller average diffusion distances to 
the nearest nucleus thus giving a faster overall chromium-nitrogen 3 
interaction. 
A second and perhaps less plausible explanation of the change 
in hardness profile with nitrogen potential is that at low potentials 
the specimen does aot take up nitrorren as fast as would be expected 
due to some surface inhibiting effect, whereas above the 14%. %l 3 critical 
limit Fe 4N is formed on the surface and acts as a nitrogen source 
overcoming the surface inhibiting cffect. 
On nitriding 1.21%Cr alloy at 575 
0C in GNII 1 : 9411 2 
the results 
correspond with those obtained in 10NII *9011 ; the reaction rate is 3 2' 
slower and the profiles slightly shallower. With 2hII 3 : 9811 2 the 
observations appeared initially to be anomolous as very little gain 
in weight and virtually no hardness increase was observed but this 
was subsequently found to be due to the change in character of the 
precipitation at very low nitrogen potentials. Ificrogrraphs from thin 
foils of 1.21rt. %Cr, in 2,1SIMI 
1) 
are given in Figures VII. 11 and 12 which 
show precipitation of CrN in grain boundaries and on dislocations 
and demonstrate that a critical nitrogen activity must be exceeded 
to produce homogeneous precipitation in chromium-iron alloy. 
The. equilibrium solubility of CrX in ferrite (see Figure VII. 13 from 
Leslie, 1964) calculated from the solubility product 
10 gC r] % "41 -7480 4.86 T 
is only about 3x 10-3 of that observed for homogeneous precipitation 
of CrN at 575 
0 C. that is, the supersaturation is approximately 300 times 
the normal solubility. Such observations suggested further experiments 
to decide whether the initial homogeneous precipitate is the equilibrium 
CrN phase or whether it is a metaistable precursor. It a metastable 
Fig. Vli.. Jl. 
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0.5 
CALCULATED SOLUBILITY PRODUCT OF CrN IN FERRITE. 
(after Leslie, 1958) 
p1lase forms in the early stages of nitriding at a high nitrojg-on 
potential and the nitrogen potential is then reduced to a level 
below that in equilibrium with this phase, the metastable precipitate 
should then diseolve. However, if CrIll is nucleated in -the initial 
period of nitridini, this will continue to grow even on reducing the 
nitrogen potential becaust- the potential in equilibrium with''CrN, is 
extremely low. Also, on subsequent treatment in hydrogen an unstable 
preprecipitate would be expected to decompose more readily 
than CrN. 
The results shoivn in Fiffure NIII. 14 suggest that even after 4 hours at 
575 0C the precipitates are stable and continue to grow in a 2NH 3 : 
q. 8H 
2 
gas mixture. Moreover, on treating in hydrogen the weight loss is 
equivalent to the nitrogen in solution in equilibriun with the gas- 
vjithout requiring any decomposition of precipitate. 
-Vi 1.4 The effect of oxygen on the nitriding of iron-cliromiun a112ýLs 
Metallog,, raphic examination of nitrided Fe-Si-N alloys (Roberts 
1970) showed that the precipitated silicon nitride is much coarser in 
j; pecimens which have previonsly been annealed in hydrogen. Th is 
difference was thmiglit to be due to the reduced oxygen concentration 
in the hydrogen-treated materials. Subsequent nitridia-g of alloys 
Vre-treated in hy(Iro. --en-water gas mixtures to a selected oxygen 
activity, proved that oxygen adsorption at the precipitate-'Matrix, 
: interface retards the grourth rate. 
The rate of nitriding of iron-cýiromium alloys An amiionia-hydrogen 
mixturea was slower for specimens removed intermittently f rom the 
flirnace than for specinans nitrided- continuously. Tile effect is shown 
in curves (a) and (c) in Figure VII. 15. It is 'thought that this 
difference in rate is related to the oxidation of the specimen each 
tipae it is removed from the furnace, to the tijac required for steady, 
_, 
tate nitriding conditions to be set up on returning -the specil; %en to 
f , jle 
furnace, and to the prevailing oxy en activity in-the gas. The 
j. ine, ar nature of the weight gain tine plot-(a) supports the vi . ew that 
Sorae surface reaction is inhibiting the normal parabolic rate of nitriding. 
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The effect of increasing the oxygen activity in the gas 
mi xture by using "wet" hydrogen, direct from the cylinder, is shown 
in curve (b) of Figure VII. 1W and illustrates that the traces of 
water vapqur and possibly carbon dioxide,, although not causing any 
observable oxidation, obviously decreases the rate of nitriding 
with respect to the rate obtained using purified gas. 
Surface mechanisms are known to control reaction rates in 
other systems, as for example in the graphitisation of high-sulphur 
aluminium-killed steel (Smith et. al., 1951), and so the present 
observations and their interpretation are perhaps not too unusual. 
V11.5 ConclivRions 
(a) A critical substitutional solute concentration exists 
above which the rate determining step during the nitriding of a 
ferritic alloy is the diffusion of nitrogen through the-fcrrite; for 
chromium this critical concentration is approximately 21rt. %. The 
kinetics of the subscale advance in such alloys is the same as applied 
to internal nitriding in other systems. The square of the subscale 
depth is: 
(i) proportional to the time of nitriding; 
(ii) proportional to the surface nitrogen activity; 
and (iii) inversely proportional to the alloy content. 
(b) With less than the critical 2wt. % chromium, the rate 
determining stop is the diffusion of chromium if the nitrogen potential 
is sufficiently high for homogeneous precipitation. 
(c) The rate of nitriding is reduced by oxidation of the 
alloy snrfacc and so the nitriding kinetics are affected by oxidising 
- impurities in the nitriding gas mixtures. 
(d) No attempt has been made in the present work to st . udy 
the mechanical properties of iron-chrovaium-nitrogen alloys in- terms , 
of dislocation-particle interactions and this would be an interesting 
-40- 
field for future work. Figure VII. 16 illustrates the "pinning" of 
disloc-ItiOn-S by disc-shape(l precipitates. 
Fig. =V. 16. 
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Chapter VIII or 
General Conclitsigns 
A detailed study of precipitation reactions in a ternary 
sytitera requires knowleilge of the component binary systems and the 
: interpretation of the results of the present work would not have 
been PoSsible without snch background information. 
In iron-chromium-nitrogen alloys the phases precipitated 
-under given experimental conditions are those predicted by the 
-tliermodynamic data for the system and the present results are self- 
-consistent and in agreement with previous observations. 
Low temperature aging of nitrogen-ferrites containing chromium 
demonstrates the effect of chromium on the activity coefficient of 
dissolved nitrogen awl hence on the morphology and kinetics Of 
precipitation. 
Six different phases -are observed in aged Fe-Cr-N. alloys in 
the rann, ,c 450 - 1050 
0 C. The composition and mode of precipitation 
of the nitride formed is dependant not only on the 
also on the activities of chromium and nitrogen in 
previous observations of homogeneous precipitation 
Fe-Nb-N and Fe-N alloys are extended to the Fe-Cr-, ' 
present work which contributes to the knowledge of 
technologically-important precipitation processes. 
temperature but 
solid solutions 
in Fe-Mo-N, 
N system in tile 
these now 
Subs ti tuti onal-inte rsti ti al mixed solute zones must precede 
the precipitation of alloy-element nitrides and, carbides in many 
systems. For exunple, the Fe-Mo-C electron micrographs, of Irani & 
11oneycombe (1965) show homogeneous precipitation in localised regions 
J)ut their quench-aging does not allow the large-scale homogeneous 
I)recipitation which is possible by "constant activity! ' equilibration. 
Similarly, the electron micrographs of Fe-lin-N alloys (Baird, 1966) 
show som e evidence of zones but also show that once heterogeneous 
- 421 - 
ziucleation occurs, further homogeneous precipitation is impossible. 
These investigations together with current work at Newcastle 
Fe-V-N, Fe-Ti-N and Fe-W-N alloys indicate that two of the most 
: Lrnportant controlling factors affecting homogeneous precipitation in 
iFe-', K-N systems in the range 400 -050 
0C 
are (i) the degree of interaction 
between the substitutional and nitrogen atomsj and 
(ii) relative 
: fluxes of the substitutional and interstitial solutes. 
As a result, small concentrations of ni6bium, vanadium and 
titanium, which interact very strongly with nitrogenp give appreciable 
increases in hardr. -! ss after nitriding due to the precipitation of a 
high density of small zones. These structures are extremely stable 
and transform only after over-aging or prolonged annealing at 
temperatures above 650 0 C. On nitriding chromium and mangagese alloys 
containing similar concentrations of substitutional element the 
precipitation is coarser and over-ages more readily. This is consistent 
NAth the weaker, although not inappreciable, affinity of these 
elements for nitrogen which, in turn, must result in a higher chroidium 
and manganese concentration in solution in equilibrium with the 
precipitated species and so facilitates particle coarsening. , 
The 
high diffusivity of chromium is the probable reason for the transient 
nature or absence of preprecipitation sta"ges in cliromiina'alloys. 
Compared to other nitrides, the free energies of formation of molybdenum 
and tungsten nitrides are small and the effect of these elements on 
-the activity coefficient of nitrogen in ferrite (see Figure V. 4) is tv 
also small. rhese effects tomether with the low diffusivities of 
these elements in iron, dile to their relatively large size, snggest 
that these are the alloys in which preprecipitation processes can 
njore readily be observed. rhis is amply verified by the work of 
Spiers (1969) on molybdenitm alloys and by more recent investigation 
of the Fe-VI-N system (Stephenson, 1970). 
Electron diffraction observations and volume fraction 
measurements on 5wt. %', V alloys provide conclusive evi dence of an 
- FelrJN2 - type intermediate precipitate. 
-43- 
The obriervations of Hoberts (1970) in Fe-Si-N alloys fit into 
-the general model of precipitation because the effect of silicon on 
I 
-the activity coefficient of nitrogen in ferrite reduces the nitrogen 
concentration to Ruch a low level that homogeneous piecipitation 
: Ls not observed. 
-44- 
Appendix 
ý J" I Introduction 
Interstitial alloyss t1lat is those compounds with small-non-metal 
. -toms occupying interstices between larger transition metal atoms, were 
: r: Lrst classified by 11nag 
(1930) who concluded that the structure type depended 
jLjp, (), n the radius ratio R. rx/rI. 1 Yfliere rx and r it are 
the radii of the 
non-metal and metal atovas respectively. If R 
is less than 0.69, the 
,, O-tal atom arrangrement is one of the 
following four aim le types, or 
,, zy, n 
be derived from it by simple distortion: 
(i) face-centred cubic; 
(ii) close-packed hexagonal; 
(iii) body-centred cubic; 
gLnd 
(iv) simple hexagonal with an axial ratio near unity. 
- For R greater than 0.59 the structures are "complex" ana have less 
r3ronounced metallic properties than "normal" interstitial alloys. 
IIIIrrg postulated that non-metal atoms occupy those interstices in Izz 
Wylich they can remain in contact with their metal-atoi-a neig hbo-tirs. 
Subject to this condition, which imposes a minimum value-for the radius 
X-atio of each type of normal structure, the non-metal atoms achieve 
Oaximum co-ordination with their surrounding metal atoms by occupying 
-t; hc largest available holes. In the face-centred cubic, the close-packed 
11ýexatronal, and the body-centred cubic metal lattices, there are two kinds 
interstices, tetrahedral with a co-ordination number 4 and octahedral 
. v, rith a co-ordination number 6. In the two close-packed structures 
(fececo, 
and cepiih. 
) the octahedral hole is perfectly regular, but in the body- 
-centred cubic 
lattice it posesses tetragonal symmetry. In the simple 
11exagonal unit cell the only interstices are the large 6 --fold 
c ronal prisras of metal atoms. , O-ordinated sites at 
the centres of tril!, 
In an interstitial structure it is not necessary that all the 
holes of one type be occupied. As a 'consequence, many homogeneous phases 
sliow a wide rantre of comi position. It is common, however, to find that 
-45- 
tovie range of homogeneity of a phase includes, or is very near to, some 
,: Lluple stoichiometric composition which corresponds 
to the filling of 
'r3l' clefinite 
fraction of the available interstices. 
Geometrical principals, whilst being a necessary condition for 
termining factors. As 
jatp , rstitial alloy 
formation, ure not the only de 
: j. -terstitial alloys are 
fon-je(j only by metal atoms with an inner incomplete 
electron sliell an 
"electronic" factoris implied. It is also accepted 
(Seitz, 1943) that the electronegativity difference between t- lie metal 
Y of -the non-metal plays a part in determining the possibilit 
: La-terstitial alloy 
f, )rmation Thus oxides with rel. atively high oxygen 
Cor]Lcentrations are usually 
ionic or covalent and not metallic. 
Madius ratios calculated for (lifferent interstitial-alloy systems 
... 0 listed in Table A. 1 
(from Schwarvkopf & Uieffer, 1953) and that for 
Ina 
I nganese and carbon, 0.60, exceeds the critical valne of 0.59. 
Thus 
: L. j accordance with observations manganese carbides are expected 
to have 
. -aplex structures. 
M-anganese is one of the commonest alloying elenents us ed in the 
i_jron and steel industry. All steels contain at least 0.2wt. 
ý, Ifn and some 
, pecial steels contain rauch more e. g. 
Hadfield's steel with l3wt. %, ýIn. 
: E-tjs general function is as a de-oxidant and to increase hardenability. 
, AO 
understanding of the Fe-lin-C ternary systera and of manganese steels 
: Lr, general is technologically important 
but a prcrcqiLisite for thin is a 
, I-Iorough 
knowledge of the component binary systems. Although the 
: L3ron-manganese and iron-carbon equilibrium 
diagrams are well established, 
. number of incompletely characterized phases 
have recently been 
claimed in the manganese-carbon system 
but because there is little 
, greement between different observation, 3 there seems to be doubt about 
. ti-le validity of such claims. 
The phases shown in Fig. ure A. 1 were reported by Kuo & Persson 
(1()54) who reviewed all previons work on the system. Their unit cell 
. 1i, nensions are given in Table A. 2. I'lach of 
the four characterized 
0, arbides has a crystal structure which frequently occurs in other 
Table 1. Radius ratios in interstitial 
alloy systems (after Schwarzkopf & 
Kiefferg 1953) 
Sc 7-1 v Cr Mn Fe Co Ni 
1.62 1.47 1.34 - 1.27 1.26 1.26 1.25 1.24 
B- 0.54* 0.59 0.65 0.69 0.69 0.69 0.70 0.70 
0.47 0.52 0.57 0.60 0.60 0.60 0.61 0.62 
0.44 0.48 0.53 0.56 0.56 0.56 0.57 0.57 
0» -. 0.37 0.41 0.45 0.47 0.48 0.48 0.48 0.48 
. 11 * .. 0.19 0.20 0.22 0.24 0.24 0.24 0.24 0.24 
y Zr Nb Mo TC ku Rh Pd 
rms 1.80 1.60 1.46 39 1.34 1.34 1., 37 
B 0.48 0.54 0.60 0.63 0.65 0.65 0.64 
c 0.42 0.48 0.53 0.55 0.57 0.57 0.55 
N 0.39 0.44 0.49 0.51 0.53 0.53 0.52 
0 0.33 0.38 0.41 0.43 0.45 0.45 0.44 
1-1. 0.17 0.19 0.20 0.22 0.22 0.22 0.22 
La-Lu Hf Ta W Re os Ir Pt 
1.87-1.74 1.59 174-6 1.39 1.37 1". 35 1-36 139 
B 0.47-0.50 0.55 0.60 0.63 0.64 0.64 0.64 0.63 
c 0.41-0.43 0.48 0.53 0.55 0.55 0.56 0.56 0.55 
N 0.38-0.41 0.44 0.49 0.51 0.52 0.53 0.52 0.51 
0 0.32-0.34 0.38 0.41 0.43 0.44 0.44 0.44 0.43 
H 0.16-0.17 0.19 0.20 0.22 0.22 0.22 0.22 0.22 
Th u 
rue 1.80 1.52 
B 0.48 0.57 0.87 
c 0.42 0.50 rc 0.76 
0.39 0.47 rN = 0.71 A, 
0 0.33 0.39 ro 0.60 
H 0.17 0.20 rit 0.30 
Fig. T. 1. 
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STABILITY RANGE OF MANGANESE CARBIDES 
(from Kuo and Perssonj1954. ) 
Table A. 2 
Unit cell dimensions of Tranganese andmanganese carbides 
phase crystal unit cell dimensions, 
structure a b C 
a-hIn b. c. c. 8.917 X 
P-Nizi b. c. ce 6.313 
hin 
23 C6 f. c. c. 10.598 
hIn 
22 C6 hexagonal . 7.492 12.070 
Wn 
7C2 
hIn 3C orthorhombic 4.545 5.103 6.787 
Ain 
5C2 monoclinic 11.563 4.573 5.058 
P 97" 45' 
Mn C 73 orthorhombic 4.546 r1a 6.959 11.976 
Ic from Bouchaud (1967) 
: from this investigation. 
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carbide systems, and so it seems possible that the unknown phase "'N C2 to 
. might also 
be an example of a widely found structure type. The present 
investigation aimed at establishing the exact structure of the new phase. 
An investigation by Picon & Plahaut (11.957) suggested the 
existence of the carbides listed in Table A. 3 butt in general, these 
results contradict previous observations and few of their findino,, s 
have been corroborated. Jack & Wild (1965) showed that a complete 
range of solubility exists between Mn C and Fe C and determined tile 52 
exact crystal structures of these materials. Duggin (1966) confirmed 
these results and later (Duggrin, 1967) reported the following mauganese- 
-rich iron-mangayiese-carbon phases analogous to the Ma 4C and 11n 6C2 
found by Picon & Plahant: 
carbide dimensions, R 
tetra, f, y, onal 
hexagonal 
6.772 
5.77 
9.427 
6.98 
These phases have not been observed in any other investigation 
and the strongest X-ray reflexions (see Table A. 4) from Duggin's phases tý 
were indexed by Jack as tin 23 C,, and o<-Ma respectively; 
there is therefore 
no experimental basis for the existence of these or any uncharacterized 
mangranese carbides other than "Un C 114, .172 
In his summary of work on the manganese-carbdri system, Bouchaud 
(1967) reaches a similar conclusion. The ". kfn 7C2" phase, 
first reported 
by Hilo & Persson, to contain about 5.9wt. %C and existing between 850 
and 1,000 0 C. was indexed by Jack (1964) on the basis of'n hexagonal 
unit cell: 
7.492 c- 12.070 X .. 
Ile noted the approximate coincidence of many strong, reflexions 
in the X-ray diffraction patterns of Un 93C6 and "tin 7C2" which indicated 
that they had similar structures. It was further noted that the unit 
cell dimensions and volume were related to those of cubic 1ý12A 
Table A. 3 
I'langanese carbides observed by Picon L, Flahaut (1957) 
f ormula crystal unit call dimensions, 
R 
structure abc 
hIn 
4C totra-onal 7. G6 10.57 
hIn 
6C2 hox-agonal 5.48 6.71 
hIn 
6C2 orthorhombic 4.33 5.11 6.7G 
Mn 
8C3 triclinic 
hIn 
8C3 cubic 8.14 
Aln 
8C3 
.1 
hexagonal 13.90 4.55 
*7 
ll-ý 
'Cable A. 
. anese carbides observed by Duggin 
(1967) liang 
(a) retragonal carbide. 
a=6.772; c-9.417 Mn, 
'I'S 
C6 a-10.580 
intensity fhTc1j sin 
20 
obs. 
(FeK 
90 
sin 
2o 
cale. 
(FeK ot) 
hklj 
w 113 0.1341 400 
vw 212 10.1469 
ms 004 0.1683 0.1676 20 4" 
vw 104 0.1885 
m 213 0.2018 42" 
V%Y 311 0.2157 
vs 302 0.2266, 0.2263 1511 ý 
333 
ms 214 0.2680 0.2682 440 
8 313 0.2940 0.2933 533 
m 322 0.3028 0.3017 600 ý 
442 
vw 323 0.3615 0.360.3 . 1533 
m 314 0.3692 0.3687 622 
m 511 0.5377 0.5363 800 
m 512 0.5694 0.5698 820 
a 503 0.6025 0.6034 822 1 
660 
433 
w 217 0.6154 
S 335 0.69"74 0.61.85 r )55 
751 
m 425 0.6696 0.0704 840 
m 108 0-6940 0.6955 Oil 
Table A. 4 (continued) 
(b) Hexagonal carbide 
a=5,77; c=0.98 I 
intensity ýhklj sin 
2 
obs. 
(FeIC-c) 
vvw 003 0.1742'-' 
vw 112 0.1899 
va 103 0.2112 
m 210 0.0"574 
w 211 0.2813 
w 312 0.5604 
w 115 0.5837 
vs 205 0.6296 
w 304 0.6442 
w 313 0.6550 
vw 402 0.6752 
c-c-lin a-8.957 
X 
sin 
20 
calc. 
fhkl) 
0.1871, 400 
0.2105 330 
0.2573 332 
0.2806 422' 
0.5613 444 
0.5847 710 
0.6314' 721 
0.6548' 642 
-47- 
(a -a 10.61 1) as follows: 
aa 14-2 c 
ch 2a /%1-3 
Vh Vc2 
Which fju. ", ", eSted that tile hexagonal phase is related to the cubic phase 
in the samo way that close-packed hexagonal and face-centred cubic 
metal atom arrangements are 1-clated or as ivurtzite is related to zinc 
blende. 
3P 
but not the suggested structure, was independently This indexinty 
reported by Bouchaud & Fruchart (1964) and they proposed, from density 
measurements and analysis, that the comlosition was M15C 4 with three 
of these formula weights (Mn 45 C 12 
). per unit cell. 
4 Du: ýgrin (1069) incorrectly interpreted the diffraction pattern 
. 
Of on the basis of a mixture of two phases: 
hexagonal a=7.471 c= 12.044 
tetragonal a-6.772 c=9.427 
, gested 
indexing is shown in His reported X-ray data with tile stir 
Table A. 5; most of the reflexions can be indexed on the basis of the 'I 
hexagonal eell without any need for a mixture of phases. 
Specimen preparation 
1haganese is a volatile reactive element, easily oxidisedl and 
its carbides decompose ýc; jowjy in laoist air. rhe new phase has 
been 
prepared in the present and other work only as powders and so the 
structural investigation is by Xý-ray powder diffraction techniques. 
11cighed powder mixtures of manganese and carbon were pelletised and 
heated in vacuo in silica tubes between 900 and 1,0000C for various times. 
, 
tiries Little reaction with the silica tube was observed and lieating 
greater than 24 hours were sufficient to establish equilibrium. 
T'able A. 5 
X--ray-dqta for Illn 7Q2 " from Duggin 
(1969 
intensity jhklj 
tet. 
fhkll 
hex. 
sin 
2o 
obs. 
(FeKo) 
ýhklj'l 
"tin 7c2 
vvw 0"12 203 0.148. ) 203 
w 211 0.1641 211 
w 004 0.1716 114 
vw 105 0.1832 105 
vw 2102 0.1843 212 
vvw 104 0.1890 
vw 004 0.1934 204 
mw 213 0.2022 300 
M, 311 0.2158 213 
8 302 0.2278 302 
mw 00G.. 0.2333 006 
m 205 0.2523 106 t 
205 
vw 303 0.2609 303 
214 214 
m 214 0.2691 220 
w 313 0.2947 222 
w 311 0.2977 311 
w 322 0.3008 116 
mw 304 0.3056 304 
w 215 0.3185 215 
312 
1312 
WIT 206 0-3238 206 
vvw 323 0.3646 401 
w 314 0.3724 224 
a indexing from this investigation. 
tet. - tetra,,,, onal phase ; hex. - hexagonal phase. 
Tnble A.. "), (continued) 
intensity jh)dj 
tet. 
ýhlclj 
hex. 
sin 
2@ 
cobs. 
(FeKoc) 
fhkel 
'llin 7c2 
w 405 0.5201 405 1307 
vw 511 109 0.5466 109 
vvw 501 0.5654 501 
w 512 0.5725 414 
w 227 0.5863 502 
502 
f325 
503 O. qO30 330 
433 
f317 
vvw 330 0.6071 
8 217 209 0.6140 209 f308 
mw 335 0.6284 420 
mw 332 0.6311 
f332 
vw 425 0.6731 OOPIO 
422 
219 0.6800 228 
219 
. 
423 
vw 514 0.6984 511 
108 
m 511 0.7008 318 f 
416 
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A, 3 X-ray methods 
Preliminary X-ray examination of reacted materials was carried 
out using filtered Fell-C radiation in a 11.46cm. Philips caraera but 
detailed structural investigation used monochromatic FeKQ, and CrK%< 
radiations from a UP plane-cryRtal nonochromator together with Unicam 
l9cm. cameras. 
A. 4 Crystal Rtmeture determination 
Tite positions of the X-ray reflexions were measured with a 
direct-reading vernier scale (Gibsong 1946) and The unit cell dimensions 
were determined from the resolved high angle doublets. The intensity 
of each reflexion was measured using a direct-reading microdensitame"ýer 
(Taylor, 1951), plotting the line profile on graph paper, and measuring 
the area under the peak with a planimeter. The mean values from both 
sides of each film were taken as the "observed intensities". 
The intensity of any X-ray powder reflexion (hkl) is given by: 
29 2 
constant . FýJcj 1+ cos'2cýerRs 
A 
p. A (Al) 
qinýb cou'u 
222 
and Fkkj og 
[ýfcosVýhx 
+ky + lz)] + 
[jfsin2Ir(hx 
+ ky +lz (A2) 
3 
where F is the structure amplitude; 
,g angle 
for reflexion from a family of planes 
(hkl); is the -Braly 
is the Brag- angle of the beam reflected from the monochromator; "M 
is the number of co-operatimg planes reflecting at the sfune angle; 
,k 
is the absorption factor. 
A temperature correction is applied to the scattering factor, 
of an atom with general co-ordinates x, yz: 
f 
exp, 
(-/,? sin 
2b 
esee(A3) 0 xz 
and 82-2 (A4) IV4 
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where is the wavelength of the X-rays; C1 
is the scattering factor for an ato,. Yi at rest; 
and . 
-"is the mean square amplitude of thermal vibration. 
The observed structure amplitudes, F, p calculated from equation 
Al 
were comp pared with those calculated 
for the postulated structure andp 
when relevant, structure refinement was carried out with an English 
Electric JG)F9 computer using a structure factor-least squares refinement 
programme (Cruikshank, 1064). The input data required for the SFLS 
programme is contained in three tapes: 
Data Tape (1) includes the symmetry elements for the structurej 
the scattering factors for each of the atojas in the structure# and the 4.2 
refining instructions for these atoris; 
Data Tapo (2) contains the parameters to be refined and the 
isotropic or nnisotropic temperature factor for these atotas; 
Data Tape (3) contains the in(lices of the reflexions and their 
observed structure factor. 
Refinement of the parameters was carried out until the best 
agreement between the observed and calculated intensities was reached. 
Since many reflexiolis consisted of superimposed components (e. g. 212 
and 105 in lqin 7C2 ") resolution was obtained 
by dividing the total 
observed intensity of the multiple reflexion in the ratio of the 
calculated intensities of the coiý, iponents. This re-division was repeated 
successively as refinement proceeded. Refinement was carried out until 
the residual III reached a miraimum valile. 
2 
0 
V. 
where P. and Fc are the observed and calculated structure amplitudes. 
5 Line broadeninft inc, asurerie nts 
In addition to the structure determination, stacking disorder 
in the specimen was also studied by X-ray methods. Such disorder 
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gives a mixture of sharp and diffuse reflexions on X-ray photographs 
and it is necessary to carry out line broadening measurements in 
order to characterize it. Since both sets of lines were produced 
under the same instrumental con(litionst the sharp lines were used as 
standards for broadening iaeasurei&rýnts. Instrimental broadening and 
"Oe- doublet" corrections (Jones, 1938) were applied to the integral 
line widths to give the diffraction broadening, /6. The crystallite 
size, t, is related to the diffraction broadening by the Scherrer 
formula: 
ic >1 
-- 6*0o TC -os v 
where the constant IC is talcen as unity. 
For plate-like crystallites which are small in only one 
direction, eqnation A5 is modified and the plate tilickness becomes: 
KXC0a 
t= 11 ... 
(A(3) 
'S coso 
where 4) is the angle between the plate normal and the normal to the 
reflexion plane (hkl). In hexagonal crystals and for plates that are 
thin in the [001] direction (see Figure A. 2): u 
cos4j siaoel sinVhL, 
Results and (lisengsion 
X-ray photographs of the types of phases observed in this 
invest6gation are shown in Figures A. 3, A. 4 and A. 5; the mixtures 
-formed under different experimental conditions are summarised in Table A. G 
and the unit ce'll dimensions of the manganese carbides are listed in 
Tab IeA. 2. The results are in agreement with the data of Nuo & Persson 
except for runs 5, ill 18,23 and 29 - 32. The three runs, 51 11 and 18, 
in which tin 23 C6 and Mn 52 are the oilly phases observed, are 
inconsistent 
with Xuo & Persson's suggested phase diagmm (see Figure A. 1) where the k til 
IfUll C It phase occurs between Ila (11 and Mn C., at the experimental 72 23 66" 
F ig. A. 2 
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Table A. 6 
Ilent-treatinont of manganese-carbon mixtures 
(X-niaJor phaso x-Other phases) 
run 
initial 
composition 
(%Vt. %C) 
temp. 
Oc. 
time 
hrs. 
1 3.0 910 48 
2 5.0 It it 
3 7.0 of to 
4 4.93 960 96 
5 4.93 950 : L40 
6 5.21 960 92 
7 5.41 St 11 
8 5.59 it it 
9 to to 48 
10 to to 72 
11 5.28 950 44 
12 it it 72 
13 it to 72 
14 5.04 11 44 
15 of 11 72 
16 it it -72 
17 5.10 960 44 
18 11 of 52 
19 5.07 44 
20 it 44 
21 5.17 to 24 
22 it to 48 
23 run 22 24 
plus 800 24 5.26 960 30 
phases observed 
a-Mn Mn 23 
06 Mn 
7c 2" 
Mn 3C Mn 5C2 
Mn 7C3 
x 
x 
x 
x x 
x x 
x x 
x 
x 
x x 
x x 
x 
x x 
x 
x x 
x x 
x x 
x x 
x x 
x x 
x 
x 
x x 
x x 
Table A. 6 (continued) 
Heat-treatment of ranganese-carbon mixtures 
(X-maJor phase x-other phases) 
run - 
initial, 
composition 
(wt. %C) 
temp. 
11C. 
time 
hrs. 
25 5.26 960 18 
26 5.22 it 18 
27ý to 30 
28, 5.18, 48 
29 5.20 800 24 
30 5.35 of tf 
31 5.73 
32 5.48 
phases observed 
a-Aln Alln 23 c6 
$1 Mn 
7c 2" Mn 3C Aln 5c2 Mn 7c3 
x x 
x x 
x 
x 
x ýx x 
x x 
x x 
f 
-51- 
temperatures. The remaining five runs (23,29 - 32) carried out at 
800 0C indicate that the "Mn7 C. 11 phase can exist at lower temperatures 
than previously suggested. All the observations of thii3 and most other 
work may be explained if the "Ma 7C2 *1 phase contains a small amount 
Of 
oxygen; it id then possible for the resultant ternary phase "Mn7(C'0)2"* 
to' co-exist with of. -Mn and Mn 23 C6 or with 
lin 5C2 and 
Mn ?. 3C6 
in different 
ternary phase fields in accordance with observations. A possible phase 
diagram is shown by Figure A. 6. 
The crystal structure of Iln 0, IC6 , determined 
by Westgren (1935)l 
is shown in Figure A. 7 with atoms in the positions given in Table A. 
7. 
The related hexagonal unit cell has 46 manganese atoms and 12 carbon 
atoms in positions shown in Figure A. 8 and Table A. 8. The two structures 
may be considered schematically to be composed of layers of cubo- 
-octaliedra and cubes with single atoms in the interstices 
between the 
layers. 
The observed and calculated structure amplitudes obtained for 
this structure are shown in Table A. 9. The agreement indicates that 
the structure is correct in principal but there are several reflexiona 
(9-01,202,401) for which F0 and FC are in poor agreement. The 
parameters for this structure would not refine to give the expected fit 
between observed and calculated structure amplitudes and so small 
changes to the postulated structure Nyere considered. 
The cubo-octahedra of atoms were rearranged to form pseudo-cubo- 
-octahedra as shown in Pigure A. 9 and this improved the agreement 
between the observed and calculated data although the parameters would 
still not refine to an accepted level; additional small changes were 
then explored. The new atomic positions are given in Table A. 10. 
The transformation of atomic positions in the analogous 
hexagonal cell and the change from cubo-octahedra, to psexido-cubo-octaliedra 
were considered by Fruchart et. al. (1968) who concluded that the 
proposed structure gave interatomic distances for two pairs of atoms in 
special positions (f) which were closer than their radii sum (2.52, 
ý)* 
UPON T', 'i,, C 
Fig-T-6. 
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2: able-A. 7 
Atomic parameters for Aln 23ý6 
(from Westgren, 1935) 
space group Fm3m; 4formula units per unit cell. 
(sce Intomational Tables 1962; No. 225) 
Atom x y z 
4Mn in (a) 0.000 0.000 0.000 
8NIn in (C) 0.250 0.250 0.250 
32AIn in (f) 0.385 0.385 0.385 
48Mn in (h) 0.165 0.835 0.000 
24C in (e) 0.275 0.000 0.000 
HEXAGONAL 
Fig. T. 8 
Mn23C6 STRUCTURE. 
. r) 
CD 
-4 CD 
>O 
1 
4D manganese. 0 Carbon. 
(in square antiprism interstices. ) 
a, = 7.4924 
Table A. 8 
Atomic ]2arameters for initial transformed structure (Mn 23 C6 
Space group P3ml; 2 formula units per unit call. 
I (see, )International Tables, 1962; No. 164) 
Atom y z ul 
2 
ZIn in (d) 0.333 0.666 0.250 0.02 
2,11n in (d) 0.333 0.666 0.875 0.02 
2AIn in (d) 0.333 0.666 
. 
0.625 0.02 
ZlIn in (0) 0.000 0.000 0.172 0.02 
2AIn in (0) 0.000 0.000 0.328 0.02 
Un in M 0.222 0.778 0.083 0,02 
On in M 0.444 0.556 0.417 0.02 
Un in M 0.153 0.847 0.559 0.02 
GAIn in M 0.153 0.847 0.059 0.02 
12AIn in W 0.333 0.000 0.250 0.02 
6C in M 0.150 0.850 0.112 0.04 
6C in M 0.150 0.850 0.612 o. 04 
3c isotropic temperature factors are assumed. 
Table A. 9- 
Observed and calculated structuro factors for initial transformed 
structure (M 23C61 
CrKa radiation 
Line No. jhklj obs. 
r 
cale. 
1 110 5.40 1.49 
2 103 2.02 1.84 
103 2.48 2.27 
3 200 3.70 8,21 
4 201 5.13 15.17 
2071 1.69 4.77 
5 20ý 3.43 28.32 
20ýý 1,28 10.85 
6 203 7.27 11.76 
20ýT 8.10 13.10 
7 210 2.93 3.95 
8 211 13.62 0.86 
2171 2.57 1. BG 
9 114 17.01 16.08 
10 105 12.52 12.41 
10ý 10.27 10.17 
11 212 9.51 9.39 
20 8.09 7.98 
12 204 8.46 2ý. GO 
201 7.32 18,84 
13 300 18.94 17.24 
14 213 20.08 11.78 
215 19.17 11.25 
15 302 28.12 23.28 
30 49.43 40.95 
Table A. 9 (continued) 
Line No. jhklj 
obs. cale. 
16 006 52.54 43.10 
17 106 7.61 5,16 
10? T 18.60 12.61 
205 18.77 12.73 
203 3.79 2.57 
18 214 7.50 11.41 
211 7.73 
303 0.02 0.02 
30ýi 0.23 0.27 
19 220 22.46 1 21.38 
20 310- 7.39 6.92 
'21 222 19.71 12.99 
22 311 12.43 8.07 
3171 5.49 3.35 
23 116 16.09 12.90 
24 304 30.11 20.78 
304 ll. -72 8.07 
25 312 0.26 0.17 
3 1'9 5.63 3 . 62 
215 11.43 7.35 
213 2.89 1.8G 
26 206 - 0.42 0.99 
20U 8.32 17.93 
27 107 1.49 0., 99 
107 4.92 3.27 
Table A. 9 (continued) 
Line No. jhklj 
obs. F cale. 
28 313 3.57 7.79 
315 3.31 7.22 
29 400 7.43 3.51 
30 401 17.12 7.36 
4071 1.77 '0.72 
31 224 14'. 43 10.86 
32 402 0.06 0.15 
40ý 3.74 9.60 
33) 216 '0.32 0.58 
21U 4.25 7.30 
34 207 5495 8.55 
207 1.43 2.05 
35 403 4.67 9.47 
405 4.28 8.68 
36 321 5.25 4.84 
3 2.06 1.79 
306 1.38 1.27 
30d 4.22 3.99' 
37 322 '18 0. 0.45 
32ý1 1.46, 3.69 
315 3.18 8.01 
3ff 0.55 1.39 
38 412 1 03 . 2.57 
41ý 1.64 3.96 
39 226 0.89 0.89 
208 0.57 0.57 
20U 2.88 2.88 
Table A. 9 (continued) 
Line No. hkl} r 
obs. F cale. 
. 
40 307 0.24 
1.0.07 
3077 0.46 0.13 
40ýý 19.27 5.47 
465 3.41 0.97 
41 109 6.3'5 6.04 
16-9 6.62 6.30 
43 501 2.73 1.83 
5d-l 8.96 5.98 
44 4'14 6.29 4.83 
41T. 13.73 11,96 
45 502 5.87 4.70 
50ii 11.12 8.91 
325 9.19 7.36 
321ý 6.27 5.02 
46 330 33.11 27". 84 
47 308 16.20 10.78 
308 35.28 27.28 
48 420 3.00 5.79 
332 5.01 9,67 
415 1.22 2.2G 
413 0.35 0,. 64 
49 421 1.30 2.50 
4 ý-l 1 0. 
. 
39, 0.7G ' 
50 00,10 3.06 14AG 
422 2.08 9.68 
40 0.09 0.5 9 
Fig. A. 9 
HEXAGONAL Mn22C6 'STRUCTURE. 
>O 
1 
010 manganese. 0 Carbon. 
(in square antiprism interstices. ) 
a, = 7.4 92 A- 
Table A. 10 
Initial atomic parametors for Mn . hexagonal structure 23ý 
space group PG 3 
/mmc; 2 fornmla units per unit cell. 
(sea International Tables, 1962; No. 194) 
At(xn y Z 
VNIn in (c) 0.333 0.667 0.250 0.02 
4Mn in (0) 0.000 0.000 0.172 0.0.191. 
4Nin in (f) 0.333 0.667 0.635 0.02 
jValn in (j) 0.333 0.000 0.250 0,02 
12Mn in (k) 0.444 0.889 0.417 0.02 
1211n in (k) 0.153 0.307 0.559 0.02 
12C in (k) 0.150 0.? 00 0.112 0.04 
isotropic temperhture factors are assumed. 
-52- 
With this evidence, together with the smaller observed c-dimension of Cý 
the actuaL cell compared to that calculated 
from the unit cell dimension 
of cubic Mn 23 
C., they sug, gested that two of the four s ites M were 
vacant giving a composition Iln 22 
CG* 
- 
The basis Of this conclusion is 
4ý 
in the special positions in fact in error because the manganese atoras 
are an acceptable distance apart, 3.02 JI, whereas 
the two pairs of 
atows in special positions 
(1-31) i. e. those atoms 'at the top at id bo ttom 
of the " transf ormed" cubes" are apparently mucli closer 
(1.88 jj) than 
their radii sum. 
Possible structures have been considered by placing manganese 
atoms in each set of sites 
(e) and (f) in three ways: 
(i) as four ato,. -,,, s in four sites, 
(ii) "collapsed" to give two atoms in txyo sites 
and (iii) remove(I from the structure. 
lIffiere initial agreepent between observed and calculated structure 
amplitudes was reasonable, refinement of the parameters was attcmpted 
and the 11-factore for these possible structures are shown in Table A. 11, 
Structures (i), (ii) and (iii) give the lowest It, but as discussed 
above, (i) and (iii) are less feasible structures due to the overlappinr 
of manganese atoms in the 4-fold positions 
(e). The structure is 
therefore probably that shourn in Figure A. 9 with the two of the fo'ur 
manganese atoms shovn as open circles removed and the remaining two 
atoms moved to the 2-fold positions 
(00010.25) and (0,0,0.75). The 
resultant 'AMn 2" 
C6 structure is in reasonable agreement with the observed 
analytical, ini; trical and. density measurements shown in Table A. 12. 
The X-ray data for Yn,,, C is given in Table A. 1.3'fOlloNyed. by 
the atomic parameters (Table A. 14) and the observed and calculated 
intensities in Table A. 15. Although the it-factor is large, the comparison 
of observed and calculated intensities shown in Figure-A. 10 indicates 
that the suggosted atomic arrangement must be near to, if not exactly, 
the same as, the actual crystal structure. 
The diffnse nattire of the reflexions, -togetlier with the resultant 
Table A. 11 
R-factors fordifferent postulated structures 
(for all structures, carbon atoms not refined) 
R (all planes) R (sharp lines) 
comp osition changes from parameters initial after initial after 
shown in Table A 5. rofinement refinf 
-mcn t 
M tin 23 C6 none 
0.29 0.22 0.18 0.13' 
(ii) tin C 4AIn in (e) removed 0.28 0.26 0.23 0.15 22 6 2Mn added in (d) 
(iii) tin C 41MIn in (f) removed 0.31 0.33 0.21 0.18 6 22 Min added in (b) 
UO tin C as (ii) plus 2AIn in (c) 0.36 6 21 
removed 
(v) tin C as (iii) plus Min in (0) 0.44 6 21 
removed 
(vi) tin C as (ii) plus high 20 6 4Mn in (f) removed R-factor 
ZIn added in (b) 
(vii) tin 21 C6 
Oln in (e) removed 0.31 0.29 
(viii)t, ', n C 4Mn in (f) removed high R-factor unlikely on 6 21 packing considerations 
(ix) tin 22 C6 
2AIn in (c) removed high R-factor 
(X) tin 21 C6 12Mn 
in (k) at (0.444,0. 889,0.60 corresponds to 
0.417) etc. moved to conversion of cubic atomic 
(o, lil, 0.889,0.417); etc arrangement to octahedra, 
- 4AIn in (f) removed 
Table A. 12 
pbsorved and calculated data for Mn C 22"6- 
Observed ýCalculated 
Unit cell dimensions, a 7.492; c 12.090 a ='7.503; C'= 12.252 
Density, g. ml 
-1 7.30 + O. 0e 7.29 
Composition, wt. %C 5.48'+ 0. oi 5.62 
* calculated from f. c. c. tin 23 
C6a 10.61 
* from Bouchaud and Fruchart, (1964). .m 
Table A. 13 
X-ray data for Mn 2296- 
(corrected for absorption) 
Hexagonal a=7.492; c ='12.070 
J? 
FeKa radiation: Kal = 1.9360; Ka 2=1.9399; Ka = 1.9373. 
Line 
No. 
I 
obs. 
sin 
2o 
obs. 
sin 
2o 
calc. 
{hkll 
1m 0.0005 0.0669 110 
2w 0.0303 0.0802 103 
3 VIV 0.0924 0.0926 200 
4 vw 0.0955 0.0956 201 
.5w 0.1144' 0.1'149 202 
6m 0.1465 0.1471 203 
7 vw 0.1561 00'1560 210 
8 ms 0.1622 0.1624 211 
9s 0,1696 0.1698 114 
10 m 0.1823 0.1817 212 10.1830 
103 
11 mw 0.1920 0.1921, 204 
12 m 0.2002 0.2006 300 
13 Vw 0.2046 0.2070 301 
14 s 0.2140 0*2139 213- 
15 vs 0.2259 0.2263 _302 
16 s 0.2314 0.2315 006 
17 m 0.2502 0.2499 205 
0.2538 106 
18 w 0.2591 0.2585 f 303 
0.2589 214 
19 s 0.2671 0.2675 220 
20 w 0.2895 0.2898 310 
TaIlle A. 13 (continued) 
Lino 
ITO. 
I 
obs. 
2o 
sin 
obs. 
20 
sin 
cale. 
{hkll, 
21 S 0. '2929 0.2932 222 
22 ra o. 2960 0.2962 311 
23 m 0.2984 0.2984 116 
24 Is 0.3035 0.3035 304 
25 vw 0.3162 0.3155 f 312 
0.3167 215 
26 mw 0.3205 0.3207 206 
27 VNV 0.3385 0.3374 107 
28 %INV 0.3479 0.3477 313 
29 vw 0.3558 0.3566 400 
30 w 0.3629 0.3630- 401 
31 ms Ot-3699 -0.3684 224 
32 %INV 0 03815 0.3820 117 
If0.3823' , 
402 
33 vw 0.3877 0.3875 216 
34 raw 0.4048 0.4043 20T 
35 MW 0.4141 0.4145 403 
36 M%V 0.4301 004299 321 10.4321 
306' 
37 vw 0.4502 4492 . 00 322 
0.4505 '315 
38 vw . 
0.4936 0.4938 412 
39 vw 0.5005 0.4990 1 226 
- 0.5007 , 208 
40 m 0.5176 0.5157 f - 3,07 
0.5173 . 405 
"1 
Tablo A. 13 (continued) 
Lino 
No. 
I 
obs. 
sin 
20 
obs. 
sin 
20 
calo. 
41 vw 0.5441 0.54.31 109 
42 vw 0.5569 0.5573 - 500 1ý 
43 vw 0.5629 0.5637 501- 
44 m 0.5710 0.5710 414 
A IZ mw 0.5845 0.5830 f 502 
0.5842 325 
46 s 0.6018 0.6018 330 
0.6049' 317 
47 s 0.6128 0.6100 209 f 
0. G121 308, 
48 vw 0.6239 0.6241 420 10.6275 
332 
49 vw 0.6314 0.6288 413 
0.6305 A21 
50 vw 0.6439' 0.6430 
ý00,10 
51 vw 0.6508 0.6498 422 
52 vw 0.6593 0.6550 f 326 
0.6597' 333 ,ý 
0.6602 504 
53 vw 0.6649 0.6653 10110 
54 w Oe G721 0.6717 -407 
55 ms 0.6795 0.6790 1' 228 
0.6820 423 
56 ms 0.6995 O. P996 416 
0.7013 318 
57 vw 0.7100 0.7099 11810 
58 vw 0.7179 0.7180 505 
Table A. 13 (continued) 
Lino 
No. 
I 
obs, 
sin 
2a 
obs. 
sin 
2a 
cale. 
{hldj 
59 vw 0.72-355 0.7270 424 
60 vw 0.7324 0.7322 20: 10 
61 vw 0.7378 0.7386 327 
62 vw 0.7495 0.7489 513 
63 vw 0.7684 0.7681 408 
64 ms 0.7860 0.7832 417 
0.7848 425 
65 s 0.8024 0.8024 600 
66 vw 0.8114 0.8106 319 
67 m 0.8260 0.8281 602 
68 m 0.8312 0.8311 431 
69 s 0.8337 0.8333 336 
70 m 0.8448 0.8449 11,11 
71 w 0.8692 0.8672 20,11 
72 s 0.9055 0.9053 604 
Table A. 14 
Atomic-parameters for Mn 
22Q6- 
Space group P6 3 
/mmc; 2 formula units per unit cell. 
(see International Tables, 1962;, No. 194) 
Atom x Y- 
- 
Z 2 
MIn in (c) 
r 
0.333 
-1 
0.667 0.250 0.02 
2%ln in (d) 0.000 0.000 0.250 0.02 ' 
4Mn in (f) 0.333 . 
0.667 0.625 ý-0.02 ' 
12ý, ln in (j) 0.333 0.000 
_O. 
250 0.02 
MIn in (k) 0.444 0.889 0.417 0.02 
12. %ln in (k) 0.153 0.307 0.559 0.02 
12C in (k) 0.150 -0.300 0.112 0.04 
R isotropic temperature factors are assumed. - 
Table A. 15 
served nnd calculated intensities fo 
Ir 
Mn 
2A-, 
CrICa radiation. S=sharp; D=dif fuse; -weak or overlapping lines. 
Line 
(hkll line I 
No. breadth ob s. calc. 
1 110 s 5.91 9.93 
2 103 2.00 0.41 
3 200 2.60 "0.89 
4 201 5.59. 5.17 
5 202 2.49, 8.47 
6 203 D 21.59 32.47 
7 210 2.07 17.06 
8 211 D 104.22 78.66 
9 114 s 69.35 48.84 
10 105 14.74 
212 17.68 
11 201 D 22 29' 0.12 
12 300 s 64.55 
'40.86 
13 301 22.35 21.18 
14 213 D 279.06 41 
" 
0.03 
15 302 s 588.38. 502.65 
16 006 s 
. 
16,8.12 223.53 
17 loG - 161.80'' 1.00 
205 - 214.39 
18 214 - 30.45 39.40 
303 - 56.30 
19 220 s 129.128 96.47. 
20 310 s 20.71 74.27 
21 222 148.06 106.14 
22 311 70.70 1.96 
"0 
Tablo A. 15 (continued) 
Line 
No. 
{hklj line 
breadth 
I 
obs. 
I' 
calo. 
23 116 s 99.15 22.23 
24 304 s 200.97 191.58 
25 312 66.77 : 30.03 ' 
215 30.81 
26 206 13.72 14,47 
27 107 5.30 9.64 
28 313 9.62 28.79 
29 400 11.40 72.84 
30 401 41.00 '2.97 
31 224 s 87.54 40.61 
32 402 5.82 35.60 
33 216 ý7.63 2.89, 
34 207 8.86 41.88 
35 403 9.05 7.39 
36 321 16.05 1.86 
306 33.49 
37 322 
. 
6.12 3 08 
315 8.09 
38 412 2.05 0.01 
39 226 2.96 18.01 
208 4.44 
40 307 111.63 46.36 
405 71.34 
41 109 26.80 26.50 
42 500 8,60 17.28 
43 501 30.10 3o. 86 
Table A. 15 (continued) 
Lino 
No. 
jh1d] line 
breadth 
I 
obs, cale. 
44 414 s 161.53 63.78 
45 502 D 152.52 18.83 
323 D 46.69 
46 330 s 497.61 384.60 
317 1.04 
47 308 s 623.31- 
209 18.73 
48 420 103.29 
332 115.00 
49 415 '344.54 26.63' 
421 30.0(3 
50 00,10 65.75, - 58.27 
L 
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, overlappi, ng, 
lines, introduces larger errors than usual in the measurement 
of intensities. An additional possible contribution to the error may 
be the presence of interstitial oxygen. 
A. 7 Characterization of stacking disorder 
The mixture of sharp and diffuse reflexions observed on X-ray 
powder photographs of Ifn C suggest some kind of stacking disorder. 22 6 
The indices of the diffuse reflexions are: 
3n when 1\0 
where n is zero or any integer; this is consistent with successive 
blocks of c -stal with different stacking sequences along'the c-axis ry 
M10.... , ACAC.... and BCBC.... 
where A,, B and C are layers, containing half the unit cell contents., 
The resultant regions of perfect crystallinity are then plate-like. in 
, character,, 
but reflexions of the type 001 are not affected since the 
, atomic, 
l 
' 
avers along [pol] are perfectly regular over the whole crystal. 
The diffuse reflexions arise because in specific directions the faults 
break up the crystal into domains and the broadening can be considered 
as due to the small size of these regions of perfect order. 
The stacking disorder is similar in character to that observed 
in close-packed hexagonal cobalt metal (Edwards & Lipson, 1942). 
Many treatments of stacking disorder are known (Warren, 1941; Barrett, 
1950; Anantharwoan & Christian, 1956; Averbach & Warren, 1949) and the 
scattering from such faulted crystals is calculated using a statistical 
method. The probability that any two phases in the stacking sequence 
are the same, when chosen at random, is calculated and the values are 
incorporated in the usual expression for scattering from a unit cell 
(Equation A. 2). 
Wilson's treatment (1942) gives the integral breadths If# of a 
broadened line as: 
If 2(l - p) / (1 + p) 
-54- 
p is either p for 1 even or -p 0 
for 1 odd, with 
Pe = -oe + 
1(4 
- 8o< + 2 
and PO =+ 
T(4 
--8 c< + 2 
where Oe is the chance of a fault at any plane. 
The even lines are therefore considerably broader than the 
odd lines, for 
me/ mo (1 Pe)(1 - Po) 
/ (1 + Pe)(1 + Po 3 
when t< is small. 
Application of this argument to the present type of fault 
suggests that the integral breadths of the broadened lines (hkl) where 
1 is evca should be 3 tim es greater than for those reflexions with I odd. 
This would result in different apparent block sizes (Equation A. 6) for 
1 odd and I even reflexions and such values calculated for Ifn 22 
C6 and 
shown in Table A. 16 are reasonably consistent with these theoretical 
predictions. 
I 
Table A. 16 
Block size determination for Nln 22ý6- 
Lino No. hkl coso Cos t arr - (R) 
6 203 . 0.8914 0.6282 0.00484 338 
a 211 0.8781 0.1991 0.00298 '175 
le 105 0.8628 0.9374 ý0.01061 236- 
14 213 0.8372 0.5205 '0.00762 188 
30 401 0.7015 0.1332 0.00232 188 
4e 405 0.5249 0.5578 0.01220 202 
45 325 0.4267 0.5246 0.01384 207 
11 204 0.8548 0.7314 0.00239ý 903 
le 214 0.7984 0.6308 0.00315 586 
x possible large error duo to overlapping Of reflexions. 
, 
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